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ABSTRACT 
Friction- stir- welding (FSW) is comparatively a new welding process invented by The Welding Institute 
in 1991. Since no melting or fusion occurs during the welding process, FSW is free of high heat input and 
solidification defects. Two main objectives have been set forth in this work. The first object of this thesis 
is to develop thermomechanical models based on experimental knowledge and understanding the FSW 
process at a fundamental level. The quality of friction-stir-welding (FSW) joints depends on many critical 
weld process parameters. The main challenge for the FSW is in the selection of these critical process 
parameters that would produce a defect-free weld joint. For a particular pin tool, spindle rotational speed, 
welding speed, plunge rate and vertical plunge force are considered as key factors to generate heat during 
welding process. In this work, a temperature dependent friction coefficient is employed that takes into 
account both sticking and sliding friction conditions. Furthermore, both strain rate independent and strain 
rate dependent plasticity model was applied to develop FSW. Moreover, heat generation as a process in 
itself is modeled by accounting for friction heat and plastic deformation between tool/boundary 
conditions. To demonstrate the validity of the model, the model is applied to different weld schedules of 
Aluminum AA2219 alloys. Finally, the developed model is used to carry out parametric studies on the 
effect of process parameters such as rotational speed, welding speed, plunge rate and plunge force on heat 
generation during FSW. This parametric study helps to give an insight into creating defect free weld 
joints. Also the effect of process parameters on the quality of predictions using Coulomb and modified 
Coulomb models of FSW has been analyzed in this current work. A second objective of the research is to 
improve fatigue life of defect free AA2219 Friction welded joints by Post Weld Heat Treatment (PWHT). 
Later fatigue life was experimentally compared with base material, as welded specimen and post weld 
heat treated specimen. Post weld heat treated specimens have higher fatigue strength compare to as 
welded specimen.      
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CHAPTER 1:  INTRODUCTION 
1.1 Background of the friction stir welding (fsw) 
    In 1991, friction welding method called friction stir welding (FSW) was invented and later 
patented by The Welding Institute (TWI)(W.M. Thomas 1991). During FSW, the plates to be 
joined are placed on a backing anvil and securely clamped to prevent relative motion between 
parts. A specially shaped cylindrical tool rotates and slowly plunges into the joint line between 
two pieces of the plate until a shoulder of the tool touches the plate surface. Later, the tool is 
traversed along interface between two plates.  In FSW, high plunge force is applied to the 
shoulder of the pintool.  Due to friction between pin tool and workpiece and the plastic 
deformation of the workpiece material, when the temperature of the working material approaches 
its hot working temperature (i.e. 70% to 90% of melting temperature), material becomes soft 
enough to be stirred and displaced and the pin tool moves along the weld line. This softened 
material is stirred by the tool and deposited at the trailing edge. 
    FSW possess several advantages compared to conventional fusion welding processes. One 
advantage is that FSW process occurs at a temperature below the melting point of the workpiece 
material, which eliminates the problem with solidification cracking and porosity (Dawes and 
Thomas 1996). Another advantage is that residual stresses and distortion in friction stir welds are 
typically lower than those of fusion welds, due to a low-temperature level compared to fusion 
welding (Donne 2001). 
    Other than aluminum alloys, the technique has recently been applied to the joining of metals 
and or alloys of magnesium, titanium, steel and others. Due to the advantage of FSW over other 
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welding methods, it is widely used in the manufacturing industries. At present, FSW is used in 
automotive industries, maritime industries and aerospace industries.   
1.2 Basic mechanism of fsw process 
    Regarding FSW are four main stages in the welding process: plunge, dwell, travel and retract. 
The stages of FSW are shown in Fig. 1.1. At plunge stage, the tool is rotated at a specified speed 
with no translational velocity. The tool continues to move downwards until the shoulder comes 
in contact with the top surface of the plate. At dwell stage, the position of the tool at the end of 
plunge stage remains the same without changing its rotation speed. Due to the rotation of the pin 
tool, heat is generated from the shoulder plate interface, which raises the temperature of the pin 
tool close to melting temperature. At the travel stage, there is a transverse movement of the pin 
tool between the interfaces between the plates. Due to this transverse speed, softened material 
from the leading edge of the tool is stirred by the rotating tool and deposited at the trailing edge. 
After the travel stage, the process is ended by stopping the forward movement and lifting the pin 
tool. This stage is known as retracting. 
 
Fig. 1.1 (a) Rotating tool before plunging (b) Plunging stage (c) Dwell stage (d) travel stage 
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1.3 Scope of dissertation  
    Friction stir welding process consists of several complex phenomena which combine heat 
flow; where heat is generated from both friction and plastic deformation. There are tool-
workpiece surface interaction and the effect of the stick (material has the same local velocity as 
the tool) and slip (the velocity may be lower). Moreover, underneath the pin tool there is high 
strain rate deformation. In general, FSW is a compound process that depends on many variables 
that affect the quality of the weld produced. In order to produce a high-quality defect-free weld, 
the welding process parameters needed to be investigated. The parameters are-rotational speed, 
welding speed, plunge rate and plunge force. Therefore, fully multiphysics analysis is required to 
model FSW process.   
    Two main objectives have been set forth in this work. The first objective is to develop a fully 
coupled thermomechanical 3D FE model.  Also verify the model experimentally, based on 
temperature and frictional dissipation energy histories for different weld schedules. The 
developed model is used to carry out parametric studies on the effect of process parameters such 
as rotational speed, welding speed, plunge rate and plunge force on heat generation during FSW. 
This parametric study helps to gives an insight on creating defect free weld joints. Also, the 
effect of process parameters on the coulomb and modified coulomb model on FSW has been 
analyzed in this current work. The second objective is to improve fatigue life of AA2219 defect 
free friction welded joints by Post-Weld-Heat-Treatment (PWHT).  
1.4 Chapters overview  
    The research encompassing in this dissertation of the above mentioned studies are presented in 
chronological order as follows: 
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 In Chapter 1, presents an introduction to Friction Stir Welding (FSW). Also this chapter 
discusses the objective and purpose of this dissertation. 
 In Chapter 2, an extensive critical literature review related to different experimental, 
numerical and analytical modeling works on FSW are discussed.  
 In Chapter 3, in the early section of this chapter, Lagrangian and Eulerian formulation are 
discussed. Then, the chapter presents Arbitrary Lagrangian Eulerian (ALE) concept used 
in the finite element simulation are discussed in Chapter 3 
 In Chapter 4, rate independent finite element modeling of FSW process is discussed. The 
discussions include model geometry and meshing scheme, welding parameters, modeling 
assumptions, boundary conditions, mechanical and thermal contacts, and material model. 
The discussions in this chapter include energy dissipation, study of friction coefficients, 
and parametric study of rotational speed, weld speed and plunge force. 
 In Chapter 5, rate dependent finite element simulation of FSW process is discussed. This 
chapter discussion include model geometry and meshing scheme, material model, thermal 
and material boundary conditions welding parameters, and thermal verification. The 
discussions in this chapter comprise energy dissipation, study of friction coefficients, and 
parametric study of plunge rate, rotational speed and weld speed.  
 In Chapter 6, numerical studies on the effects of process parameters on the coulomb         
and the modified coulomb friction models of friction-stir-welding (FSW) has been 
compared and analyzed. The literature related to contact interaction between pintool and 
workpiece has also been reviewed in this chapter. 
 In Chapter 7, Effects of post-weld heat treatment (PWHT) on tensile and fatigue behavior 
of friction stir welded AA2219-T87 joints are discussed in this chapter. The literature 
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related to post-weld heat treatments and fatigue analysis of weld joints are also reviewed 
in this chapter. 
 In Chapter 8, conclusions arrived from the findings of this research and future 
recommended work is presented in this chapter.  
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CHAPTER 2:  LITERATURE REVIEW 
 
    This chapter presents a detailed introduction to friction stir welding technology. Previous 
works are discussed with respect to thermal modelling, coupled thermo-mechanical modelling 
and material flow modelling. 
2.1 Friction stir welding technology 
    Friction Stir Welding (FSW) is a solid-state joining process that can be considered to as a 
subset of Friction Welding. 
    During FSW, the two plates to be joined are firmly clamped together and during the welding 
process, no relative movement is allowed. A non-consumable rotating tool with a specially 
designed pin and shoulder which rotates and translates the tool as shown in Fig. 2.1.  
 
 
Fig. 2.1 Schematic of friction- stir- welding (FSW) process (Photo: hilda-europe) 
    The tool used in FSW mainly serve three important purposes, heating of the workpiece, 
movement of the material that produces joint and to keep hot metal underneath the tool shoulder. 
During FSW heat is generated within the workpiece due to friction between the rotating pin tool 
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and shoulder and due to severe plastic deformation of the workpiece.  Due to this heating, 
material gets soft around the pin. This material is then combined with tool rotation and 
translation, which causes the material move from to the back of the pin. The tool shoulder helps 
to keep the metal flow underneath the tool shoulder. In this way, due to interaction between tool 
and workpiece, a solid-state joint is produced. 
    During FSW, heat is generated due to two main mechanisms. One is plastic deformation and 
the other one is friction between the tool and workpiece. 
2.2 Thermal modeling of fsw 
    There have been numerous researches on thermal modeling of friction stir welding. In general, 
thermal modeling of FSW in general can be divided into- Lagrangian approach, Computational 
Fluid Dynamics (CFD) approach and Coupled thermomechanical modeling of FSW. 
2.2.1 Thermal modeling using lagrangian approach 
    A 3D thermomechanical model without pin was developed by Chao et al.(Chao, Qi et al. 
2003) to determine residual stress and transient temperature of 304L steel.  An inverse analysis 
was applied to verify FEA temperature with experimental temperature. The heat flux was 
assumed to be distributed linearly in the direction of pin tool shoulder as represented by equation 
(2.1)(Zhu and Chao 2004)  
 𝑞(𝑟) =
3𝑄𝑟
2𝜋(𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟
3 −𝑅𝑝𝑖𝑛
3 )
   for  𝑅𝑝𝑖𝑛 ≤ 𝑟 ≤ 𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 (2.1) 
    Where, 𝑞(𝑟) represents heat flux that is linearly distributed in the radial direction of the pin 
tool shoulder, 𝑄 represents the total heat energy of the workpiece, 𝑅𝑝𝑖𝑛 & 𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 represents 
radius of the pin and shoulder respectively. From their research they have found out that 
maximum temperature during FSW is in the range between 900°C to 1000°C which is far below 
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than melting temperature of 304L of stainless steel(1450°C). Moreover, 50% of the total 
mechanical energy has been converted to heat to increase the temperature in the workpiece.  
    Chen et al.(Chen and Kovacevic 2004) developed a lagrangian based model which can 
measure temperature, residual stress and forces during FSW. The heat generated in the model 
was developed using a moving heat source and the rate of heat generation was calculated by 
using the following equation, 
 
?̇? =
2
3
𝜋𝜔𝜇(𝑇)𝑝(𝑇)(𝑅0
3 − 𝑟0
3) 
(2.2) 
    Where, ?̇? is rate of heat generation, 𝜔 is angular velocity, 𝜇(𝑇) is friction coefficient depends 
on temperature, 𝑝(𝑇) is pressure of the pin tool exerted on workpiece which is dependent on 
temperature, 𝑟 is the radius of the pin tool. However problem with above equation is that friction 
efficient 𝜇 and pressure 𝑝 both are local temperature and distance dependent, which makes it 
difficult to evaluate.  In order to avoid complexity friction coefficient was considered constant 
and value of 𝑝 was calculated experimentally.  
    Prassana et al.(Prasanna, Rao et al. 2010) developed a thermal FEA model using the same 
equation developed by Chao et al. but his model considered enthalpy of the workpiece material.  
    Khandkar et al.(Khandkar, Khan et al. 2003) developed a thermal model based on torque data. 
The torque at the shoulder workpiece interface is calculated by equation (2.3),  
 
𝑀𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 =  ∫ (𝜏𝑟)(2𝜋𝑟)𝑑𝑟
𝑟0
𝑟𝑖
 
(2.3) 
 
    Torque at the pin bottom is calculated by equation (2.4),  
 
  𝑀𝑝𝑖𝑛𝑏𝑜𝑡𝑡𝑜𝑚 =  ∫ (𝜏𝑟)(2𝜋𝑟)𝑑𝑟
𝑟𝑖
0
 
(2.4) 
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    Torque at the pin surface is given by equation (2.5), 
 
𝑀𝑝𝑖𝑛𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =  (𝜏𝑟𝑖)(2𝜋𝑟𝑖)ℎ 
(2.5) 
 
    where r is the radial distance from the tool center, pin radius is represented by 𝑟𝑖, shoulder 
radius is represented by 𝑟0, ℎ is the pin length, and 𝜏 is the assumed uniform shear stress. 
    The total torque is the sum of three torque components which is related to the average power 
input by equation (2.6), 
 
𝑃𝑎𝑣 = 𝑀𝑡𝑜𝑡𝜔 
(2.6) 
 
    The heat flux in the contact surface was calculated by equation (2.7), 
 
𝑞(𝑟) = 𝜔𝜏𝑟 
(2.7) 
 
    However, the model considered uniform shear stress during FSW. Moreover, in the model 
variable gap conductance was used underneath the pin tool to estimate contact conductance. 
    Hilgert et al.(Hilgert, Schmidt et al. 2011) developed three thermal pseudo mechanical model 
that includes heat sources and include tool rotation, analytic shear layer and ambient heat sinks. 
The three different types of thermal models that are proposed are-eulerian approach, lagrangian 
approach and moving geometry approach. In the thermal pseudo model heat source has been 
calculated in equation (2.8), 
 
𝑞𝑡𝑜𝑡𝑎𝑙 = 𝜔𝑡𝑜𝑜𝑙𝑟𝜏𝑦𝑖𝑒𝑙𝑑 
(2.8) 
 
     where, 𝑞𝑡𝑜𝑡𝑎𝑙 is the total heat flow, 𝜔𝑡𝑜𝑜𝑙 is the angular velocity of the tool, 𝜏𝑦𝑖𝑒𝑙𝑑is the shear 
yield stress.  
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    An analytical model is presented by Schimdt et al. (Schmidt, Hattel et al. 2004) which can 
calculate heat generation considering sliding, sticking and partial sliding/sticking condition. 
    Heat generated due to sticking is calculated by equation (2.9) :  
 
𝑄𝑡𝑜𝑡𝑎𝑙,𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔 =
2
3
𝜋
𝜎𝑦
√3
𝜔((𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟
3 − 𝑅𝑝𝑟𝑜𝑏𝑒
3 )(1 + tan ∝) + 𝑅𝑝𝑟𝑜𝑏𝑒
3
+ 3𝑅𝑝𝑟𝑜𝑏𝑒
2 𝐻𝑝𝑟𝑜𝑏𝑒) 
(2.9) 
 
    Heat generated due to sliding is calculated by equation (2.10): 
 
𝑄𝑡𝑜𝑡𝑎𝑙,𝑠𝑙𝑖𝑑𝑖𝑛𝑔 =
2
3
𝜋𝜇𝑝𝜔((𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟
3 − 𝑅𝑝𝑟𝑜𝑏𝑒
3 )(1 + tan ∝) + 𝑅𝑝𝑟𝑜𝑏𝑒
3 + 3𝑅𝑝𝑟𝑜𝑏𝑒
2 𝐻𝑝𝑟𝑜𝑏𝑒) 
 
(2.10) 
 
    Heat generated due to partial sliding/sticking condition is represented by equation (2.11), 
 𝑄𝑡𝑜𝑡𝑎𝑙,𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑠𝑙𝑖𝑑𝑖𝑛𝑔/𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔 =
2
3
𝜋(𝛿𝜏𝑦𝑖𝑒𝑙𝑑 + (1 − 𝛿)𝜇𝑝) ∗ 𝜔(𝑅𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟
3 − 𝑅𝑝𝑟𝑜𝑏𝑒
3 )(1 +
tan ∝) + 𝑅𝑝𝑟𝑜𝑏𝑒
3 + 3𝑅𝑝𝑟𝑜𝑏𝑒
2 𝐻𝑝𝑟𝑜𝑏𝑒)                                                                                                        
 
(2.11) 
 
    The researcher also added a shear layer model in the analysis. From the results, the researcher 
showed that eulerian model predicts a steady state situation. However, the new moving geometry 
approach can provide transient temperature histories of the tool and workpiece.  
2.2.2 Thermal modeling using computational fluid dynamics (CFD) approach 
    Colegrove et al.(Colegrove and Shercliff 2006) developed a computational fluid dynamics 
(CFD) model for FSW considering plastic deformation as a sole source of heat generation. 
Moreover, in that model, effect of different tool profile was also analyzed. However, in 
Colegrove’s model only sticking condition was considered, though in real life both partial stick 
and sliding occurs (Gerlich, Yamamoto et al. 2007).  
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    In another model Colegrove et al. (Colegrove 1995) developed a eulerian based model which 
calculated heat generation of pin due to three parts-shearing of the material, friction on the 
threaded  surface of the pin and also from friction from vertical surface of the pin by equation 
(2.12), 
 
𝑄𝑝𝑖𝑛 = 2𝜋𝑟𝑝ℎ𝑤𝑝𝜎𝑦̅̅ ̅
𝑉𝑚
√3
+
2𝜇𝜎𝑦̅̅ ̅𝜋𝑟𝑝ℎ𝑝𝑣𝑟𝑝
√3(1 + 𝜇2)
+
4𝐹𝜇𝑉𝑚 cos 𝜃
𝜋
 
(2.12) 
 
    Another CFD model has been developed by Su et al. (Su, Wu et al. 2014) to investigate the 
heat generation and distribution of thermal energy and plastic material flow during FSW. The 
model mainly tried to solve the discrepancy between the frictional coefficient and the slip rate 
used during FSW modeling. In general, frictional coefficient and the slip rate are generally 
hypothetical or taken from another machining process. The frictional coefficient and slip rate are 
both determined by using the measured tool torque and axial force. From the model author 
showed that 97% of the heat generation is contributed by friction between tool and workpiece 
and only 3% of total heat generated is contributed by plastic deformation. 
2.3 Coupled thermomechanical model of fsw 
    In the coupled thermomechanical model heat generation is calculated by friction between 
pintool and workpiece and plastic deformation unlike thermal load as input in thermal model. In 
the thermomechanical model, the mechanical action of the pin tool is included, which indicates 
that input parameters such as welding speed and rotating speed are the same as the experimental. 
Another advantage in coupled thermomechanical model is that it can capture material flow and 
weld formation. 
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    A viscoelastic 3D FEM model was developed by Ulysse(Ulysse 2002) using software FIDAP 
as shown in Fig. 2.2. In this research, the effect of tool speed was analyzed. The result showed 
that increasing rotational speed causes force reduction whereas higher travel speed causes an 
increase in welding force. A rigid visco-plastic temperature and strain rate dependent material 
model has been used in this analysis by equation (2.13): 
 
𝜎𝑒 =
1
𝛼
sinh−1[(
𝑍
𝐴
)1/𝑛], 𝑧 = ̇exp (
𝑄
𝑅𝑇
) 
(2.13) 
 
    𝛼, 𝑄, 𝐴, 𝑛 are material constants, 𝑅 is the gas constant, 𝑇 is the absolute temperature. 
 
Fig. 2.2 FEA mesh of the welding model of Ulysse(Ulysse 2002) 
    Schmidt et al.(Schmidt and Hattel 2005) developed a local model which has a disc shaped 
workpiece as shown in Fig. 2.3. A temperature and strain rate dependent material model elastic 
plastic Johnson-Cook material law has been used in this model by equation (2.14) , 
 𝜎𝑦 = (𝐴 + 𝐵[ ̅
𝑝𝑙]𝑛)(1 +cln 
𝜀𝑝𝑙̇
𝜀0̇
)(1 − (
𝑇−𝑇𝑟𝑒𝑓
𝑇𝑚𝑒𝑙𝑡−𝑇𝑟𝑒𝑓
)𝑚) 
 
(2.14) 
 
    Where, 𝜎𝑦 is the yield stress, ̅
𝑝𝑙 the effective plastic strain, 𝑝𝑙̇  the effective plastic strain rate 
and 0̇ the normalizing strain rate. Here, A, B, C, n, 𝑇𝑚𝑒𝑙𝑡, 𝑇𝑟𝑒𝑓 and m are material/test constants. 
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    In Schmidt’s model, welding speed was assigned as velocity to the material on the incoming 
side of the plate. Also, constant friction coefficients of 0.3 have been used in the model. The 
contact interface between tool and workpiece has been modeled using Coulomb’s law.  
 
 
Fig. 2.3 Three dimensional model by Schmidt et al.(Schmidt and Hattel 2005) 
    Buffa et al. (Buffa, Hua et al. 2006) developed a continuum model using commercial software 
a lagrangian based code.  DEFORM-3D
TM
, has been used. A whole block model was used rather 
than interface between two plates as shown in Fig. 2.4. Adaptive remeshing criterion has been 
used to capture plastic deformation.  A rigid-visco-plastic material model has been used in the 
analysis in the deformation zone which used equation (2.15) (2.16)(2.17), 
 
𝑖𝑗̇ =
3
2
̇̅
?̅?
𝜎𝑖𝑗
/
 
 
(2.15) 
 
 
?̅? = √
3
2
(𝜎𝑖𝑗)
1/2 
 
(2.16) 
    And equation (2.17), 
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̇ ̅ = √
3
2
( 𝑖𝑗̇ 𝑖𝑗̇ )
1/2 
 
(2.17) 
 
    A rigid visco-plastic temperature and strain rate dependent material model has been used in 
equation (2.18), 
 𝜎 = 𝐾𝑇𝐴( ̇)𝐵( )̅𝑐 (2.18) 
 
    Where, 𝐾, 𝐴, 𝐵, 𝐶 are material constant. A non uniform mesh with adaptive remeshing have 
been used in the current analysis, at close to the tool there is finer mesh and far away from the 
pin tool there are coarse mesh. The model was able to determine temperature, strain rate, force 
and material flow. Temperatures obtained from the model were found to be in good agreement 
with experimental work. However, the authors have considered material property for thermal 
conductivity and thermal capacity to be constant, which is known to, vary with temperature. 
 
Fig. 2.4 Model developed by Buffa at the beginning of simulation (Buffa, Hua et al. 2006) 
    Zhang et al. (Zhang and Zhang 2007) developed a rate independent model based on Arbitrary 
Lagrangian Eulerian (ALE) formulation to study the effect of plunge force on material flow 
during FSW. In the model, a plate is considered as the round plate with hole as shown in Fig. 2.5. 
The translational velocity of the pin is modelled as an inflow movement of the material. The 
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outer surface of the model is considered as a eulerian type. The benefit of assigning as a eulerian 
type is, it help avoid entanglements and distortions caused by the inflow and the outflow of 
materials in the boundary of the welding plate. Also in the inner of the welding plate, Arbitrary 
Lagrangian Eulerian (ALE) formulation is used. Moreover, the radial direction of the ALE mesh 
is considered as lagrangian type and the circumferential direction as eulerian type. The effect of 
stick (material has the same local velocity as the tool) and slip (the velocity maybe lower) during 
FSW has been modeled assuming slip rate of 0.5% (Slip rate = 
Angular rotation speed of the contact matrix layer
Angular rotation speed of the tool 
). The authors concluded that with the increase in 
plunge force both friction and plastic energy increased. However in their research, the authors 
did not include any analysis of temperature distribution during FSW. Moreover, the friction 
coefficient was considered to remain constant, whereas in real life the friction coefficient is 
temperature dependent. Using the same material model Zhang et al. (Zhang, Zhang et al. 2007) 
studied the effect of plunge force, rotational speed, and travel speed on material flow during 
FSW. A modified coulomb’s model has been used in the analysis to incorporate stick and slip 
condition. However, in their research heat generation was not modeled as a process by itself, 
rather they used experimental temperature curve as an input in the model. 
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Fig. 2.5 Sketch and boundaries of the plate of Zhang’s model (Zhang and Zhang 2007) 
    Aval et al. (Aval, Serajzadeh et al. 2011) developed a FSW model using ABAQUS as shown 
in Fig. 2.6 . From the result author shows that the temperature field in the FSW process is 
asymmetrically distributed with respect to welding line, the predicted peak temperature are 
higher on advancing side than the retreating side. In addition, the grain size in the TMAZ zone 
decreases with increasing welding speed and decreasing rotational speed. 
 
Fig. 2.6 Schematic view of FSW model of Aval et al.(Aval, Serajzadeh et al. 2011) 
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2.4 Flow modeling of fsw 
    Lasley et al. (Lasley 2004) developed a FSW model using commercial software Forge3. For 
material model, temperature and strain rate dependent Norton Hoff model is used. In the model 
Hansel-Spittel rheology law has been used to calculate flow stress by equation (2.19), 
 𝜎𝑓 = 𝐴𝑒
𝑚1𝑇 𝑚2 ̇𝑚3𝑒
𝑚4
𝜀  
 
(2.19) 
    Where, 𝜎𝑓 is the flow stress, = equivalent strain, ̇ =Equivalent strain rate, 𝐴, 𝑚= Material 
constant. However in this model only plunge stage is modeled.  
    Heurtier et al. (Heurtier, Jones et al. 2006) developed a semi analytical model considering 
microstructure change during welding in a 2024 aluminum alloy. The kinematic model was 
divided into two parts. One location is just below the shoulder of the tool and corresponds to the 
“flow arm zone”. The other zone is located in the depth zone defined as “nugget zone” as shown 
in Fig. 2.7. The model uses three velocity fields used in the classical fluid mechanics-(a) A 
circumventing velocity field, (b) a vortex velocity field, and (c) a torsion velocity field (flow 
model). The average power in the model is calculated using the following equation (2.20), 
 
𝑞 =
2𝜋
3
𝜇𝑝𝜔𝑅𝑠
3 
 
(2.20) 
 
    Where, 𝜇 is the total friction coefficient, 𝑝 is the normal pressure,𝜔 is the angular velocity,𝑅𝑆 
is the tool shoulder radius. 
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Fig. 2.7 Schematic representation of three velocity fields of model developed by Heurtier et. 
al(Heurtier, Jones et al. 2006) 
    Colegrove et al. (Colegrove and Shercliff 2006) developed a three-dimensioal flow model of 
FSW. A computational fluid dynamics (CFD) package FLUENT have has used. In the model the 
workpiece material is divided into several regions as shown in Fig. 2.8. At first, a rotating mesh 
that moves at the rotation speed of the tool represents a fluid region adjacent to the tool. There is 
a deformation zone in the workpiece consist of stationary mesh. This zone is slightly wider than 
rotating region.  The non deforming zones are modeled as a solid aluminum region. This zone is 
travetraveling speed of welding speed. The flow stress of the model was developed by the 
equation (2.21), 
 
𝑍 = ̇ exp (
𝑄
𝑅𝑇
) = 𝐴(𝑆𝑖𝑛𝛼𝜎)𝑛 
 
(2.21) 
    Here, ̇ is the strain rate, 𝑄 is the activation energy, 𝑅 is the universal gas constant, 𝑇 is the 
temperature, 𝐴, 𝛼, 𝑛 are material constants. The model has some limitation. The model assumes 
that the material sticks to the tool surface. In reality, some material sticks to the tool and some 
material slips. Another limitation of the model is the deformation zone was modelled much 
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larger than observed in the experiment. There are several other problems reported by the author. 
First, due to the absence of viscosity softening near the solidus, the weld temperature and weld 
power is over predicted. Another shortcoming of this model is to traversing force was found to 
be an order of magnitude than experiment result. Later using the same model Colegrove et 
al.(Colegrove and Shercliff 2006) numerically investigated the tool contact condition during 
FSW. 
 
Fig. 2.8 Different mesh regions used in Colegrove’s model(Colegrove and Shercliff 2006) 
    Nandan et al.(Nandan, Roy et al. 2006) developed a 3D flow model using software SIMPLE 
which can obtain temperature during FSW by considering plastic flow. The flow stress, 𝜎𝑒 was 
calculated using the equation (2.22) developed by Sheppard and Wright, 
 
𝜎𝑒 =
1
𝛼
sinh−1[(
𝑍
𝐴
)1/𝑛] 
 
(2.22) 
 
    Where, 𝐴, 𝛼 and 𝑛= material constant, 𝑍 =Zener hollomon parameter 
    The results show that significant plastic flow occurs at close to tool. The computed result also 
shows that temperature around the tool is asymmetry due to rotational and linear motion of the 
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tool. Moreover, analysis shows that the plastic flow significantly affects the heat transport within 
the workpiece. 
    Grujicic et al.(Grujicic, He et al. 2010) developed a 3D flow model using modified Johnson-
Cook material model as shown in Fig. 2.9. In original Johnson-Cook material model, higher 
temperature increases plastic yielding without considering material microstructure/properties. 
During FSW, the temperature raises close to material melting temperature. The material tends to 
deform plastically and undergo annealing at that time using equation (2.23). For this reason, the 
material in the nugget zone tends to dynamically recrystallize. Proposed modified model tends to 
overcome this deficiency.     
 
?̇?𝑙,𝑑𝑦𝑛_𝑟𝑒𝑐 = 0̇,𝑝𝑙,𝑑𝑦𝑛_𝑟𝑒𝑐𝑒
(−
𝑞(?̇?𝑝𝑙)
𝑇ℎ
) 
 
(2.23) 
 
    Where, ?̇?𝑙,𝑑𝑦𝑛_𝑟𝑒𝑐 is a dynamic recrystallization frequency. The computational domain was 
considered to be a circular plate with a through the thickness circular hole and a two part tool. In 
the model workpiece around the tool is considered moving to depict traverse movement of the 
tool. 
 
 
Fig. 2.9 Geometrical model for the (a) FSW tool and (b) FSW workpiece of Grujicic et al. 
model(Grujicic, He et al. 2010) 
(Fig. 2.9 Continued) 
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Fig. 2.10 (a) Retreating side (b) advancing side tracer particle typical trajectories of model 
developed by Grujicic et al. (Grujicic, He et al. 2010) 
    From the analysis, it has been shown that the workpiece material at the retreating side the does 
not enter the stir zone under the tool shoulder and usually flows around it [shown in green and 
yellow color in Fig. 2.10 (a)]. Also, the material at the advancing side passes over at the 
retreating side and is co stirred with some of the materials from the retreating side [shown in blue 
and white color in Fig. 2.10(b)]. One of the short coming of this model is that plunge and dwell 
stage of FSW has not been included in this modelling.  
    Hamilton et al.(Hamilton, MacKenzie et al. 2010) developed a thermomechanical model using 
ABAQUS/Explicit. The difference between from their work to other researcher is that the all 
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steps of FSW (including plunge stage) are modelled. A Johnson-Cook material model is used to 
simulate the model. The model includes a backing plate along with workpiece and pintool as 
shown in Fig. 2.11. In order to capture material flow and high deformation underneath the 
pintool authors used adaptive re-meshing technique.  
 
Fig. 2.11 FE model for FSW process for Hamilton’s model(Hamilton, MacKenzie et al. 2010) 
    A modified Coulomb’s model has been used in the model to capture contact interface between 
pintool and workpiece.   In the model, friction coefficient between the pintool and workpiece is 
considered to be constant. In real life, friction coefficient is mainly dependent on temperature. As 
the temperature increases, friction coefficient decreases. As during the analysis friction 
coefficient was considered constant, the maximum temperature was found to be greater than 
melting temperature. Also in the model, temperature dependent Young’s Modulus and shear 
stress has not been applied due to the limitation of computer power.  
    Moreover, author showed in their model that in some location particles were stirred into the 
rotational zone and then sloughed off from the pintool as shown in Fig. 2.12 
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Fig. 2.12 Positions of tracer particles during FSW as shown in Hamilton’s et al. (Hamilton, 
MacKenzie et al. 2010) model 
    Al-Badour et al. (Al-Badour, Merah et al. 2013) developed a 3D Coupled  Eulerian 
Lagrangian formulation to determine material flow and to estimate tool reaction loads, which can 
detect defect formulation during FSW. The workpiece is defined by eulerian and the tool is 
defined by lagrangian formulation. For material model, Johnson Cook semi-empirical formula is 
used. Coulomb’s frictional contact model is used between the tool-workpiece interactions. The 
workpiece is defined as a eulerian domain which consists of two regions-“full” and “void” as 
shown in Fig. 2.13. The lower workpiece region “full” is assigned to the workpiece material, 
which has uniform material. The upper region “void” has no material. The “void” zone is created 
to visualize flash deformation during welding process.  
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Fig. 2.13 FSW geometric model and Eulerian domain used in Al-Badour et al.(Al-Badour, 
Merah et al. 2013) model (a) Idealization (b) Sectioned numerical meshed model with material 
assignment 
    The model can accurately model the shape of the plasticized zone, as well as presence of void 
in the weld as shown in Fig. 2.14. From the model the author also shows that the higher the 
coefficient of friction the smaller the produced void size is formed. 
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Fig. 2.14 Comparison of experimentally found void with FEA using model developed by Al-
Badour et al.(Al-Badour, Merah et al. 2013) 
    Assidi et al. (Assidi, Fourment et al. 2010) developed a 3D FSW model using commercial 
software Forge3® FE software.  Initially, a viscoplastic Hansel-Spittel constitutive model is used 
as a material model. But using the Hansel-Spittel model, very high temperatures are observed. In 
order to have a consistent model for whole temperature range a Norton-Hoff viscoplastic model 
as shown in equation (2.24). 
 ?̅? = 𝐾(𝑇)√3(√3  ̅)̇ 𝑚(𝑇) 
 
(2.24) 
 
    Where, strain rate sensitivity is expressed as 𝑚 and material consistency as 𝐾. Two different 
model formulated with Eulerian and ALE formulation has been developed and compared. 
Moreover, different friction model (Norton and Coulomb friction model have been used in the 
model. Furthermore, different friction coefficients have been used in the model to compare 
forces and tool temperatures during FSW.  
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    From the model author came in several conclusion. Firstly, the Arbitrary Lagrangian Eulerian 
formulation is in good agreement with the measured forces and tool temperature. Secondly, 
welding forces and temperature are high sensitives to the variation of friction. Thirdly, 
Coulomb’s friction model provides better result than Norton friction model. Also for the friction 
value of 𝜇 =0.3 simulated results are in good agreement with experimental result. However, in 
the model during friction, temperature dependent friction coefficient has not been used. 
2.5 Summary 
    This chapter mainly discusses with thermal modelling, coupled thermo-mechanical modelling 
and material flow modelling. 
    Most of the thermal modelling use a heat source distributed over the tool surface, with a heat 
flux per unit area. This heat flux is inputted into the model as a constant intensity or it is varied 
from radius to tool axis. The benefit of thermal modeling is that the time required to finish the 
computation is quite less. However, this type of modelling is far from real life welding and 
incapable of capturing real life friction interface between tool and workpiece. The effect of stick 
(material has the same local velocity as the tool) and slip (the velocity maybe lower) during FSW 
cannot be captured using thermal modeling. Furthermore strain rate dependency cannot be 
captured with thermal modeling. 
    At present the prediction of metal flow is still challenging. Mostly CFD models have been 
used to capture material flow during FSW. Defects like void can be predicted by using CFD 
modeling. However a full 3-D metal flow in FSW is quite difficult to model due to elastic plastic 
problem. Some researchers considered the metal flow as viscoplastic.  For this reason some 
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mechanical effects have been omitted from modeling such as plunge force. Moreover high 
computation times makes CFD model less popular as a design tool.  
    The FSW process is consist of several complex physical processes. A fully thermo coupled 
mechanical model of FSW should be temperature dependent, should be able to capture tool 
material interface condition (stick/slip condition), strain rate dependent and material flow. 
Representing all the above-mentioned criteria in a FSW process makes the model 
computationally time expensive. The cost of computation of FSW process model is a major 
obstacle so far. The progress of the FSW modeling greatly depends on the software development 
to solve the complex contact abilities and also incorporate parallel solution. 
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CHAPTER 3:  THEORETICAL BACKGROUND OF FRICTION STIR 
WELDING MODELING 
 
 
    The main objective of numerical methods is to reduce a differential equation to an 
approximation in terms of algebraic equations. In general, three main numerical solution 
methods are used in engineering: the finite element method, finite difference method and finite 
volume method. The main differences between the approaches lie in the way in which the 
domain is discretized and the independent variables are approximated.  
    Numerical problems in continuum mechanics are normally solved using two classical 
descriptions of motion; Lagrangian description, and Eulerian description.  
3.1 Lagrangian description 
    Lagrangian formulation mainly used in structural analysis. It allows the mesh and the material 
to move together, making it easy to track surfaces and apply boundary conditions as shown in 
Fig. 3.1. Furthermore, it is efficient and suitable for handling small and moderately large strain 
problems; here mesh distortion is not an important factor. The main advantage of this method is 
that Lagrangian formulation can provide very accurate results and can automatically capture the 
free surface of the material. However, due to mesh distortion and element entanglement highly 
deformed surfaces with large plastic strains and contact boundary conditions are not suitable to 
the Lagrangian formulation. 
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Fig. 3.1 Lagrangian description 
3.2 Eulerian description  
     Eulerian formulation allows the material to move through the mesh and it is suitable for 
solving problem in fluid dynamics as shown in Fig. 3.2. This method was initially designed for 
fluid dynamics but is also suitable for very large deformation problems. The disadvantage of this 
scheme is that the surfaces and boundary conditions are difficult to track. The mesh distortion 
however, is not a problem because the mesh never changes. It is problematic in non-steady or 
dynamic analysis. 
 
Fig. 3.2 Eulerian description 
 
3.3 ALE description  
    In the Arbitrary Lagrangian and Eulerian (ALE) formulation, the node points can be moved 
arbitrarily as shown in Fig. 3.3. The node points need not be fixed in space, thus this formulation 
allows the mesh to move independently of the material, making it possible to maintain a high-
quality mesh during an analysis. Combining the advantages of both Lagrangian and Eulerian 
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methods, the ALE method is well suited to deal with large deformation problems, avoiding 
element distortion problems. 
 
 
 
Fig. 3.3 ALE description 
 
3.4 ALE adaptive meshing and remapping in Abaqus/Explicit 
    FSW simulation is quite difficult to do without the use of adaptive feature available in 
Abaqus/Explicit. The main criteria of adaptive mesh scheme are that it enables a finite element 
model to maintain a high-quality mesh automatically even the model is subjected to severe 
deformations, this enables mesh to move independently of the material. Abaqus/Explicit 
software uses a technique called Arbitrary Lagrangian Euleraian (ALE), which is a combination 
of pure Lagrangian and pure Eulerian material descriptions. ALE formulations in 
Abaqus/Explicit consist of two processes, creating a new mesh and remapping from the old mesh 
to the new mesh called a process called advection. A new mesh is created at a specified 
frequency for each adaptive domain; Where as, advection used for variables to the new mesh is 
consistent, monotonic, and (by default) accurate to the second order; and it also conserves mass, 
momentum, and energy. 
    Generally, the frequency of adaptive meshing is the parameter that most affects the mesh 
quality and the computational efficiency of adaptive meshing. During adaptive meshing 
increment, a new, smoother mesh is created by sweeping iteratively over the adaptive mesh 
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domain. In each mesh sweep, nodes in the domain are relocated, based on the current positions 
of neighboring nodes and element.  That means the boundary nodes remain on the boundary 
while the interior nodes are moved which reduce element distortion. 
    In Abaqus/Explicit, calculation of the new mesh is based on three basic smoothing methods: 
volume smoothing, Laplacian smoothing, and equipotential smoothing. 
3.4.1 Volume smoothing 
   During volume smoothing methods a node is relocated by computing a volume-weighted 
average of the element centers in the elements surrounding the node. From the Fig. 3.4 we can 
see the new position of node B is determined by a volume-weighted average of the positions of 
the element centers, (B1, B2, B3 and B4) of the four surrounding elements. The volume 
weighting will tend to push the node away from element center B1 and toward element center 
B3, thus reducing element distortion. 
 
Fig. 3.4 Node relocation process during sweeping process of mesh 
3.4.2 Laplacian smoothing 
    Laplacian method relocates the node B by computing the average distance of nodes N1, N2, N3, 
and N4 from node B. In this way, the positions of nodes N2 and N3 pull the node B up. 
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3.4.3 Equipotential smoothing 
    Equipotential smoothing is a higher-order method that relocates a node by calculating a 
higher-order, weighted average of the positions of the node's eight nearest neighbor nodes in two 
dimensions. From Fig. 3.4 the new position of node B is based on the position of all the 
surrounding nodes, S and N. 
    However, the default smoothing method in Abaqus/Explicit is volume smoothing.After the 
distorted mesh is smoothed, by using advection process solution variables are remapped from the old 
mesh to the new mesh. By the definition, the advection process is the process that allows using a 
Lagrangian small step to take place at the end of which the strain field is mapped back to the original 
mesh prior to taking the next step. In Abaqus/Explicit code, the formulations used for advecting 
solution variables to the new mesh are consistent, monotonic and accurate to the second order. 
Moreover, the methods also conserve mass, momentum, and energy. 
    During adaptive meshing in Abaqus/Explicit is the Arbitrary Lagrangian Eulerian method, 
which introduces advective terms into the momentum balance and mass conservation equations 
to account for independent mesh and material motion. Two basic ways have been adapted to 
solve these modified equations: solve the nonsymmetric system of equations directly, or 
decouple the Lagrangian (material) motion from the additional mesh motion using an operator 
split. The operator split method is used in Abaqus/Explicit because of its computational 
efficiency. Furthermore, this technique is appropriate in an explicit setting because small time 
increments limit the amount of motion within a single increment. 
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CHAPTER 4:  COUPLED THERMOMECHANICAL STRAIN RATE 
INDEPENDENT MATERIAL MODELLING OF FSW 
 
4.1 Introduction 
    The successful modelling of FSW greatly depends on understanding the real physics of FSW 
process. In this current research, a commercial finite element code ANSYS
®
  APDL have been 
used for thermomechanical modelling of FSW. 
    In this research, heat generation as a process itself is modeled by accounting for plastic 
deformation and frictional heat between tool/boundary conditions. The goal of this research 
effort is to advance FSW modeling a degree closer to the real weld situations. A Lagrangian 
finite element code ANSYS
®
 has been used to develop a 3D thermomechanical model for this 
analysis.  Contact surfaces in between two plates have been considered. Also, another contact 
surface between the tool and the workpiece has been considered. Stick and slip during FSW were 
also modeled using modified Coulomb’s law. Temperature dependent friction coefficient has 
been used in the analysis to model the heat generation. Three different weld schedules having 
three different plunge force but same rotational speed and travel speed has been used to verify 
the thermal model. The welds were made with a fixed pin tool on I-STIR PDS FSW machines. 
Finally, parametric studies were conducted on critical weld parameters including- plunge force, 
rotational speed, and travel speed. The plunge force was varied from 12.45 kN to 23.35 kN to 
cover a wide range of weld scenarios.  
-------------------- 
This chapter was previously published as Saad Aziz et al., “Impact of Friction Stir Welding 
(FSW) Process parameters on Thermal modeling and Heat generation of Aluminum Alloy 
Joints.” Acta Metallurgica Sinica (English Letters) 29 (9) (Sep.2016), 869-883. It is reprinted 
here by permission of Springer Nature 
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    Similarly, the rotational speed was varied from 200 rpm to 450 rpm and the travel speed has 
been varied from 1.693 mm/s to 3.386 mm/s in the simulation. These weld schedules have been 
selected from real life experiment. This chapter is a first step towards gradual increment of FSW 
modeling using rate independent plasticity material model.  
4.2 Model description 
     The finite element model presented in this paper was used to simulate a FSW process of 
workpiece that the authors tested(M.W. Dewan 2015). The experimental setup for this workpiece 
is shown in Fig. 4.1. The workpiece material is AA2219 aluminum alloy; whose chemical 
composition is listed in (Matweb). A taper threaded pin along with a tool is used for FSW. The 
radius of the tool shoulder is 15.27 mm and the height of the shoulder is 38.1 mm. The tapered 
angle of the tool is 100. Two chill bars have been placed on the top of the workpiece which helps 
to clamp the workpiece. In the model the tool is considered as a rigid solid and the workpiece is 
considered as a ductile material whose constitutive model is capable of simulating elastic, 
plastic, large strain, large deformation, and isotropic hardening effect. A 3D 20- node coupled-
field solid element was selected to model both the workpiece and the tool in ANSYS
®
. After 
studying the speed of the FSW schedules covered in this research, the plate’s elastic and plastic 
behavior was assumed to be rate independent. Heat generation the model was a result of friction 
work between the tool and the workpiece interface, in addition to plastic deformation in 
workpiece material. The meshed model has 7014 nodes and 6921 elements as shown in Fig. 4.2 
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Fig. 4.1 Experimental of the setup and process parameter of FSW (𝐹𝑧=Plunge force, ω= 
Rotational speed, V=Travel speed) 
Table 4.1 Chemical composition of the workpiece (AA2219) 
Element Si Fe Cu Mn Mg V Zn Ti Zr 
Wt.% 0.20 0.30 6.8 0.40 0.02 0.15 0.10 0.10 0.25 
 
 
Fig. 4.2 Meshes and thermal boundary conditions of the finite element model 
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4.2.1 Material and associated flow model 
    As stated earlier, the FSW model presented in this paper used a rate independent plasticity 
material where three distinct criteria have been used to determine rate independent plasticity 
model and these are:  (a) Flow rule, (b) Hardening rule, and (c) yield criterion. 
    Flow rule determines the increment in plastic strain from the increment in load. In current 
analysis associative flow rule is used which is represented by equation (4.1) ; 
 
[𝑑 𝑝𝑙] = 𝑑𝜆[
𝜕𝐺
𝜕𝜎
] 
 
(4.1) 
 
    where, 𝑑 𝑝𝑙 = change in plastic strain, 𝑑𝜆 = magnitude of the plastic strain increment, 
𝐺 =plastic potential (which determines the direction of plastic straining), 𝜕𝜎 = change in stress 
    The von mises yield criterion has been applied in the current analysis as a yield criterion. The 
von mises yield criterion is represented by equation (4.2)(4.3); 
 𝑓(𝜎, 𝜎𝑦) = 𝜎𝑒 − 𝜎𝑦 = 0                                                                                                                
 
(4.2) 
 
where, 𝜎𝑒= von mises effective stress=√
3
2
(𝜎: 𝜎 −
1
3
𝑡𝑟(𝜎)2)       
 
(4.3) 
    𝜎𝑦= yield strength  
    The total amount of plastic work is the sum of the plastic work done over the history of 
loading as expressed by equation (4.4); 
 
∀ = ∫[𝜎]𝑇 [𝑀][𝑑 𝑝𝑙] 
(4.4)                                                                                                          
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    where, ∀ = plastic work, [𝑀] =mass matrix, 𝜎 = cauchy stress tensor 
     The amount of frictional work has been calculated by equation (4.5); 
 ℛ = 𝜏 × 𝛾    
 
(4.5)                                                                                                                                               
where, ℛ = frictional work, 𝜏= equivalent frictional stress,  𝛾 = sliding rate 
4.2.2 Contact condition 
    The critical part in the numerical modeling of FSW is modeling the contact 
condition(Reynolds A. P. 2000). In this research, modified Coulomb’s law is applied to describe 
the friction force between the tool and the workpiece.  
    During sticking condition, the matrix close to the tool surface sticks to it. Shearing is 
considered to address the velocity difference between the layer of the stationary material points 
and the material moving with the tool. Yield stress, represented by equation (4.6); 
  𝜏𝑦𝑖𝑒𝑙𝑑 = 
𝜎𝑦
√3
 
 
(4.6)                                                                                                                            
    where 𝜎𝑦 = Yield strength of the material.                    
    So the contact shear stress is then, 
  𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡=  𝜏𝑦𝑖𝑒𝑙𝑑 =
𝜎𝑦
√3
                       
 
(4.7) 
    During sliding condition, the tool surface and the workpiece material slide against each other. 
Using Coulomb’s friction law, the shear stress necessary for sliding is represented by equation 
(4.8), 
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 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜇𝑝 = 𝜇𝜎  
 
(4.8) 
    where, 𝑝 is the contact normal pressure, 𝜇 is the friction coefficient, 𝜎 is the contact stress. 
    A value of  𝜏𝑚𝑎𝑥= 
𝜎𝑦
√3
  = 0.58y (Distortion energy criterion) is used in the current analysis.  
    In current analysis, according to the modified Coulomb’s model, when contact shear 
stress, 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 is less than the maximum frictional stress, 𝜏𝑚𝑎𝑥 sticking condition is modeled. 
When contact shear stress, 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 exceeds  𝜏𝑚𝑎𝑥,the contact and the target surface will slide 
relative to each other, (i.e. sliding condition is modeled). The conditions of contact shear stress 
vs. contact pressure for sticking and sliding are described in Fig. 4.3.  
 ‖𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡‖ ≤ 𝜏𝑚𝑎𝑥 → (sticking); ‖𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡‖ ≥ 𝜏𝑚𝑎𝑥 →(sliding)  
 
(4.9)                                             
    A value of  𝜏𝑚𝑎𝑥= 
𝜎𝑦
√3
  = 0.58y (Distortion energy criterion) is used in the current analysis, 
where 𝜎𝑦 = Yield strength of the material. Since yield strength of the material is highly 
temperature dependent, temperature dependent yield strength value of AA2219 has been used in 
the current analysis.     
 
Fig. 4.3 Modified Coulomb’s law depicting sliding and sticking conditions 
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4.2.3 Thermal boundary condition 
    The initial boundary condition used for the calculation can be expressed as equation (4.10); 
 𝑇(𝑥, 𝑦, 𝑧, 𝑡) = 𝑇𝑜                                                                                                                         
 
(4.10)
    The governing equation describing transient heat transfer process during FSW process can be 
described by the equation (4.11); 
 𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡
= 𝑘 (
𝜕2𝑇
𝜕𝑥2
+
𝜕2𝑇
𝜕𝑦2
+
𝜕2𝑇
𝜕𝑧2
) + 𝑄    
 
(4.11) 
    Here, 𝑄 is the heat generation, 𝑐𝑝 is the specific mass heat capacity, 𝜌 is the density of the 
material, 𝑘 is the thermal conductivity, and 𝑇 is the absolute temperature. 
    In finite element formulation equation (4.11), can be represented by equation (4.12); 
 𝐶(𝑡)?̇? + 𝐾(𝑡)𝑇 = 𝑄(𝑡) (4.12) 
    Here, 𝐶(𝑡) is the time dependent capacitance matrix, 𝑇 is the nodal temperature vector, ?̇? is 
the temperature derivative with respect to time (i.e. 
𝑑𝑇
𝑑𝑡
), 𝐾(𝑡) is the time dependent conductivity 
matrix, and 𝑄(𝑡) is the time dependent heat vector.                                                                                    
    It is assumed that convection is the main reason for heat loss in the workpiece. The heat loss 
from both the side and the top surfaces are calculated using equation (4.13); 
 𝑞𝑙 = ℎ𝑐𝑜𝑛(𝑇 − 𝑇𝑜) 
 
(4.13) 
    Here 𝑇 represents absolute temperature of the work piece, 𝑇𝑜 ambient temperature and ℎ𝑐𝑜𝑛 
convection coefficient. The experimental setup that is being modeled here has a chill bar present 
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at the top surface of the weld plate which helps to clamp the workpiece and also the chill bar act 
as a heat sink. This will cause a high heat transfer coefficient from the top surface which has 
been given a value of 100 W/m
2
. From the side surface, heat transfer of 30 W/m
2
 has been used 
for aluminum to air convection. At the bottom of the plate a backing plate is placed to oppose the 
downward plunge force. This backing plate also acts as a high heat sink absorbing heat rapidly 
during welding; consequently, a high heat transfer coefficient is used to model the heat transfer 
from backing plate. The heat loss from backing plate is modeled by equation (4.14); 
 𝑞𝑏 = ℎ𝑏(𝑇 − 𝑇𝑜)       
 
(4.14) 
    where, ℎ𝑏 represents convection heat coefficient from backing plate. Due to the complexity 
associated with determining contact conditions between the workpiece and the backing plate, the 
value of ℎ𝑏 was calibrated to match experimental data, which was found to be 300 W/m
2
. Heat 
loss from tool surface was calculated using equation (4.15); 
 𝑞𝑤 = ℎ𝑤(𝑇 − 𝑇𝑜)    
 
(4.15)                                                                                                                                                     
    where, ℎ𝑤 represents convection heat coefficient from the pin tool. In present research, 30 
W/m
2
 have been used as heat transfer coefficient from tool surface; as this value best fits with 
the experimental data. All other thermal boundary condition of current analysis has been shown 
in Fig. 4.3 
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4.2.4 Mechanical boundary condition 
    Displacement boundary conditions were introduced to the model to match actual welding 
conditions. The boundary condition is specified as complete displacement restraint where the 
workpiece was clamped as shown by equation (4.16), 
 𝑈=0 (4.16)                                                                                                                                                                   
 
    Other parts of the workpiece where the workpiece was supported on the backing plate was 
assumed to be restrained in the normal direction, 
 𝑈𝑍 = 0                                                                                                                                                                    
 
(4.17) 
    And the bottom of the plate is at, 𝑧 = 0 
    The mechanical boundary conditions used in the current analysis are shown in Fig. 4.4 . 
 
Fig. 4.4 Mechanical boundary conditions of the plate 
4.3 FSW calibration experiments 
     Experimental results from welding two AA2219 aluminum alloy plates have been used for 
calibration. The workpiece has a length of 609.6 mm, width of 152.4 mm and thickness of 8.128 
mm. The pin tool is made of H13 tool steel. The radius of the tool shoulder is 15.27 mm and the 
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height of the shoulder (tool shank height) is 38.1mm.The pin tool is made of MP159 Nickel-
Cobalt based multiphase alloy. The pin radius at the top is 4.78 mm and the height of the pin tool 
is 7.9 mm. The tapered angle of the tool is 100. During experiment temperatures were measured 
from the surface of the workpiece by both K-type thermocouple and FLIR thermovision A40 
thermo-grapher at the same time.  The layouts of the thermocouples are shown in Fig. 4.5 
 
Fig. 4.5 Layouts of the thermocouples (embedded in the surface) and thermographer (all 
dimensions are in millimeter) 
                                                                                                    
4.4  FEA modeling 
4.4.1 Workpiece and tool modeling 
    Finite element analysis software, ANSYS
®
 has been used to carry out the numerical simulation. 
The FSW modeling is divided into three stages, namely- (1) Plunge, (2) Dwell, and (3) Traverse 
stage. During the plunge stage, the pin tool first moves down vertically; It then starts rotating 
during the dwell stage followed by moving along the weld seam with rotation during the traverse 
stage. In order to avoid complexity during the initial plunge stage, heat generation was only 
considered during the dwell and the traverse stage. Details of the steps needed for modeling are 
namely, time steps and the boundary conditions are listed in Table 4.2 
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Table 4.2 Simulation details for three steps 
Stage Time Step Boundary condition 
Plunging 1s       Displacement along z- axis 
Dwelling 10s                  Rotation along z- axis 
Traversing 16s                  Rotation along z- axis 
                 Movement along y- axis 
 
    However, for thermal verification i.e. validating thermocouple data with FEA model the 
traverse step has been modeled for 30s.  
    In this current simulation, a Lagrangian model has been developed to incorporate temperature 
and multilinear isotropic strain hardening with capability of large strain and deformation 
behavior of material. A 3-D 20- node coupled field SOLID226 element as shown in Fig. 4.6, was 
used to model both the plate and the tool. The SOLID226 element was selected because of its 
plasticity, stress stiffening, large deflection and large strain capabilities (Inc. 2014) . 
 
Fig. 4.6 Solid226 elements (Inc. 2014) 
    Two rectangular plates were created in the model simulating the two welded parts of the 
workpiece. In order to reduce simulation time the length and width of the plate has been reduced 
but the actual thickness was maintained. The plate width was reduced in such a way that regions 
away from the weld line are not affected by the welding process. The dimension of the modeled 
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plates is 152.4 mm (L) × 47.625 mm (W) × 8.128 mm (t). To improve the fidelity of the results 
around the weld seam, the centerline of the plate was modeled with a finer mesh as shown above 
in  
    The tool shank had a height of 38.1 mm and shoulder radius of 15.27 mm, which is the same 
as the dimension used during FSW modeling. During the FSW process, heat is generated from 
friction between the tool and the workpiece. For this purpose a surface to surface contact pair 
was used between the tool and workpiece. The rate of frictional dissipation is calculated by 
equation (4.18) 
 𝑞 = 𝐹𝐻𝑇𝐺 × 𝜏 × 𝛾 (4.18)                                                                                                                                
    where,  𝐹𝐻𝑇𝐺 = fraction of frictional energy converted to heat 
    In the model 100% of frictional energy is considered converted into the heat energy.   
    The amount of frictional dissipation on contact and target surface is expressed by equation 
(4.19) and equation (4.20) ,  
 𝑞𝑐 = 𝐹𝑊𝐺𝑇 × 𝐹𝐻𝑇𝐺 × 𝜏 × 𝛾 (4.19)                                                                                                                                  
 𝑞𝑇 = (1 − 𝐹𝑊𝐺𝑇) × 𝐹𝐻𝑇𝐺 × 𝜏 × 𝛾 (4.20) 
    𝑞𝑐 = contact side, 𝑞𝑇  = target side, 𝐹𝑊𝐺𝑇 = weight factor of the distribution of heat between 
the contact and target surfaces. 
     Also in the current simulation, 95% of the generated heat was distributed in the workpiece 
and 5% of the generated heat was distributed in the pin tool following recommendations by 
previous research work (Chao, Qi et al. 2003). To incorporate heat transfer from the tool to the 
workpiece, a low conductance value of 10W/m
2 ℃ has been used between the tool and 
workpiece.  
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    The friction coefficient plays a great role in generating heat during FSW. However, the 
friction coefficient in FSW is dependent upon many factors such as temperature, contact 
geometry, relative motion between tool and workpiece and applied force. Zhang et al. (Zhang, 
Xiao et al. 2011; Zhang, Xiao et al. 2011) have done an extensive study on the above mentioned 
parameters and found out that the friction coefficient is mainly temperature dependent. 
Therefore, a temperature dependent friction coefficient has been used in the current model 
varying between 0.4~0.25(Awang 2007) and has been listed in Table 4.3. From Table 4.3, we 
can see that with temperature rises friction coefficient remains constant up to 200°C, after 200°C 
friction coefficient starts decreasing. The choice of this friction coefficient can be described as 
explained by the work of Zhang et al. (Zhang, Xiao et al. 2011) as shown in Fig. 4.7 
 
Fig. 4.7 Flow chart for choice of friction coefficient 
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Fig. 4.8 Contact pair between tool and workpiece and between two plates 
Table 4.3 Temperature dependent friction coefficient used in the model 
Temperature(°C) Friction coefficient 
25 0.4 
100 0.4 
200 0.4 
300 0.35 
400 0.25 
420 0.25 
543 0.01 
 
    Two contact elements CONTA174 and TARGE170 were used to model the contact between 
two plates as shown in Fig. 4.8.  In between the two workpiece a high thermal contact 
conductance 2×10
6
 W/m
2 ℃ was introduced to develop a almost perfect thermal contact. In 
between the two workpiece, a high thermal contact conductance 2×10
6
 W/m
2 ℃ has been applied 
to develop a closer thermal contact. In general, the maximum temperature generated during 
welding is about 0.7 to 0.9 of the melting temperature of the material (Mishra and Ma 2005). 
When the temperature rises over 0.7 of the melting temperature (Melting temperature of AA2219 
is 543°C) both plate will be joined and remain joined even after the temperature is decreased. In 
this current simulation 400 ℃ is set as a temperature for joining. A master node is created at the 
top of the tool to control the rotating and traverse speed of the pin tool as shown in Fig. 4.8. Also 
in current analysis, the amount of plastic work converted to heat is considered to be 80%, which 
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has been found by previous research work (Chao, Qi et al. 2003). It should be noted that some 
researchers estimated the heat generated from plastic work to be minimal (less than 5%) 
compared to that generated by friction (Bastier, Maitournam et al. 2006). From equation (4.4), 
total plastic work converted to heat can be expressed by equation (4.21). 
 𝑞𝑝 = 0.8 × ∀ = 0.8 × ∫ [𝜎]
𝑇[𝑀][𝑑 𝑝𝑙]
𝑡
0
  
 
(4.21) 
    To enable the model for large strain and large deformation, ANSYS
®
 command NLGEOM,on  
is used in current analysis (Inc. 2009) . During FSW, material properties are changed with 
temperature since the temperature gradient is large. To increase the accuracy of the solution, time 
steps size are set at a very small increment (in the order of 10
-12 
s) during dwell and traverse 
stage. 
4.4.2 Heat generation from pin tool nib  
    In current simulation pin tool nib was not modelled in order to avoid mesh locking due to 
incompressible plastic deformation. According to Schmidt et al. (Schmidt, Hattel et al. 2004) the 
ratio between heat generated from pin nib and heat generated from tool shoulder is 0.16. 
Therefore heat flow from pin tool nib has been considered by multiplying 1.16 times heat 
generated from friction to the workpiece and plastic deformation in the model. 
4.4.3  Material properties 
    The material properties of AA2219 are shown in Figs Fig. 4.8Fig. 4.10. Modulus of elasticity, 
thermal conductivity, and specific heat capacity are temperature- dependent properties and vary 
significantly with temperature. Conversely, work piece density along with pin tool density, 
thermal conductivity, and specific heat capacity have been considered as temperature 
independent properties and listed in Table 4.4.    
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Fig. 4.9 Young’s modulus of aluminum as a function of temperature (McLellan and Ishikawa 
1987) 
 
Fig. 4.10 Thermal conductivity of AA2219 as a function of temperature (Zhang, Liu et al. 2013) 
 
Fig. 4.11 Specific heat capacity of AA2219 as a function of temperature (Zhang, Liu et al. 2013) 
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Table 4.4 Material properties used in the model (Zhang, Liu et al. 2013) 
Density of 
workpiece, 
 𝜌(kg/𝑚3) 
Density of 
tool, 
 𝜌𝑡(kg/𝑚
3) 
Thermal conductivity 
of the tool, 𝑘𝑡(W/m°𝑐) 
Specific capacity of 
tool, 𝑐𝑡 (J/Kg/°C ) 
Melting 
temperature of 
work piece 
2840 7800 24.4 460 543°C 
 
4.4.4 Stress-strain diagram 
    Multilinear isotropic hardening with large strain and deformation capability has been used in 
the current analysis together with a strain rate independent plasticity model. The true stress vs. 
plastic strain at a strain rate of ̇=1s-1 for Aluminum is shown in Fig. 4.12. The adopted 
temperature dependent yield stresses can be seen in Fig. 4.13. 
 
Fig. 4.12 True stress strain diagram of the aluminum (Awang 2007) 
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Fig. 4.13 Temperature dependent yield stress of Aluminum at ̇= 1s-1 (Awang 2007; Semb 2013) 
4.4.5 Computational time 
    The thermomechanical analysis performed in ANSYS
®
 used 20 Intel Ivy bridge 2.8 GHz cores 
processor, 64GB of RAM memory. The CPU time was about 30 hour for 27s of simulation. This 
simulation was done on a Supercomputer (SuperMIC, owned by Louisiana State University) 
which has a peak performance of 557 TeraFlop(TF).  
4.5 Thermal verification 
    Rather than comparing temperature history with a single weld schedule, three different weld 
schedules have been analyzed to show the sensitivity of the model. Three different weld 
schedules have the same rotational speed, same travel speed, the same temperature dependent 
friction coefficient but different plunge force were used for that purpose. A summary of the weld 
schedule is listed in Table 4.5. Temperature generated during FSW experiment were measured 
using thermocouple and with thermographic equipment. The measured results were compared 
with simulation results. 
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Table 4.5 Different weld schedules for temperature verification 
Rotational Speed, 𝜔(rpm) Travel Speed, V(mm/s) Plunge Force, 𝐹𝑍(kN) 
350 1.27 12.455 
350 1.27 15.568 
350 1.27 21.351 
 
    Figs. Fig. 4.14,Fig. 4.15 and Fig. 4.16 shows variations of temperature on the top surface at 
the thermocouple location of y = 42.36mm, z = 26mm along the weld direction for three 
different weld schedules. The comparison shows that FEA numerical results of temperature 
closely match with the experimental data.  
 
 
Fig. 4.14 Comparison between temperature histories of thermocouples and FEA results at 
y=42.36mm, z=26mm location (V=1.27mm/s; 𝜔 =350 rpm; 𝐹𝑧 =12.455 kN) 
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Fig. 4.15 Comparison between temperature histories of thermocouples and FEA results at 
y=42.36mm, z=26mm location (V=1.27mm/s;  𝜔 =350 rpm; 𝐹𝑧 =15.568 kN) 
 
 
Fig. 4.16 Comparison between temperature histories of thermocouples and FEA results at 
y=42.36mm, z=26mm location (V=1.27mm/s; 𝜔 =350 rpm; 𝐹𝑧 =21.351 kN) 
    Fig. 4.17 and Fig. 4.18 represent temperature field and temperature profile along the lateral 
direction respectively from simulation for V=1.27 mm/s;  𝜔 =350 rpm; 𝐹𝑧 =15.568 kN weld 
schedule. Fig. 4.19, Fig. 4.20 and Fig. 4.21 represents comparison of the results obtained from 
FEA and from the experiment at transverse direction. From these figures temperature obtained 
from experiment are in close agreement with the simulated temperature. Error analyses between 
experimental temperature and FEA temperature have been shown on section 4.6. Also, From Fig. 
4.20 and Fig. 4.21 the temperature around the shoulder is higher than surrounding area, which is 
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contributed by friction and plastic deformation. For this localized heating, up to the tool shoulder 
radius temperature is highest and it decreases as the distance from center increases. Maximum 
temperatures in all three cases are 422°C, 431°C, and 459 °C. In all cases, the maximum 
temperature is less than the melting temperature of AA2219 (543°C), which is typical for FSW. 
 
Fig. 4.17 Temperature field from simulation (V=1.27 mm/s; 𝜔 =350 rpm; 𝐹𝑧 =15.568 kN) 
 
Fig. 4.18 Temperature variation of simulation along transverse direction (V=1.27mm/s;  𝜔 =350 
rpm; 𝐹𝑧 = 15.568 kN) 
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Fig. 4.19 Comparison of temperature variations between experimental and simulation data along 
transverse direction (V=1.27mm/s;  𝜔 =350 rpm; 𝐹𝑧 =12.455 kN) 
 
Fig. 4.20 Comparison of temperature variations between experimental and simulation data along 
transverse direction (V=1.27mm/s; 𝜔 =350 rpm; 𝐹𝑧 =15.568 kN) 
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Fig. 4.21 Comparison of temperature variation between experimental and simulation data along 
transverse direction (V=1.27mm/s;  𝜔 =350 rpm; 𝐹𝑧 =21.351 kN) 
4.6 Error analysis 
    The mean relative error is calculated between the experimental and the FEA analysis value as 
shown in Tables- Table 4.6 , Table 4.7 and Table 4.8 at different distances perpendicular to the 
weld. 
Table 4.6 Error analysis for 𝐹𝑧 =12.455 kN, ω=350rpm, V=1.27mm/s weld schedule 
Distance (mm) Temperature from 
FEA analysis(°C) 
Temperature from 
experiment (°C) 
Absolute Error (%) 
0 422                   418 0.96 
15 354                   342 3.51 
26 262                   248 5.64 
32 237                   225               5.30 
39 220                   212 3.77 
47 213                   208 2.40 
                                                                                              Average Error               3.60 
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Table 4.7 Error analysis for 𝐹𝑧 =15.568 kN, ω=350rpm, V=1.27mm/s weld schedule 
Distance(mm) Temperature from 
FEA analysis(°C) 
Temperature from 
experiment (°C) 
Absolute Error (%) 
0 431.0 440 2.04 
15 362.3 360 0.64 
26 288.9 280 3.18 
32 255.3 252 1.31 
39 220.8 230 4.00 
47 214.0 216 0.93 
                                                                           Average Error                    2.02 
 Table 4.8 Error analysis for 𝐹𝑧 =21.351kN, ω=350 rpm, V=1.27mm/s weld schedule 
Distance(mm) Temperature from 
FEA analysis(°C) 
Temperature from 
experiment (°C) 
Absolute Error (%) 
0 458.66 462 0.72 
15 398.56 403 1.10 
26 298.56 304 1.79 
32 260.4 265 1.73 
39 244.65 252 2.91 
47 232.04 238 2.50 
                                                                           Average Error                    1.79 
    For all schedules, the highest absolute relative error is below 6%, and the average error for all 
cases is below 3.60%. 
4.7 Energy generation during fsw process 
    FSW causes heat generation to join workpieces together. During the FSW process heat is 
generated through two possible ways, namely, heat generation due to friction between 
tool/workpiece and heat generation due to plastic deformation. The aforementioned expressions 
in equation (4.4) and equation (4.5) have been used to calculate plastic dissipation energy and 
friction energy dissipation converted to heat. From Table 4.9, plastic energy from our model was 
only responsible for 0.09 % for a weld schedule with a plunge force=21.351 kN, rotation 
speed=350 rpm and traverse speed=1.27 mm/s. This percentage is low compared to values 
reported in the literature by previous researchers such as Bastier et al. (Bastier, Maitournam et al. 
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2006).  Bastier et al. (Bastier, Maitournam et al. 2006) reported that plastic heat generation 
contributed only 4.4 % of total heat generation of FSW aluminum alloy, with the remaining 95.6 
% heat being generated by friction. The fact that the presented model cannot capture plastic heat 
generation accurately is mainly attributed to the fact that it only considers plastic deformations 
occurring at the top surface of the workpiece rather than around the weld nugget. This 
simplification in the current model implies an assumption that all heat is practically generated by 
friction, which according to Bastier et al. (Bastier, Maitournam et al. 2006) should result in 
temperatures lower than actual temperature by a few percentage points. While this is true for the 
results shown in Fig. 4.21 and most of the observed locations in Fig. 4.20, it is not the case for 
the weld schedule whose results are presented in Fig. 4.19. This may be attributed to 
experimental reading errors that can surpass such a small difference of a few percentage points. 
The authors are presently working on developing a FSW model capable of accurately capturing 
the plastic deformation around the weld nugget, which requires modeling material flow in that 
area.  
Table 4.9 Friction and plastic dissipation energy for weld schedule plunge force 21.351 kN, 
rotation rate 350 rpm and traverse speed 1.27 mm/s 
Rotational 
Speed, 
𝝎(rpm) 
Traverse 
Speed, 
V(mm/s) 
Plunge Force, 
 𝑭𝒁(kN) 
Frictional 
Energy (J) 
Plastic 
energy(J) 
Total energy(J) 
350 1.27 21.351 1.35×10
6
 1.25×10
3
 1.35125×10
6
 
 
    In the following sections, we will discuss the change friction energy; i.e., the dominant energy 
source, as a result of varying welds parameters. In this current work, heat generation due to 
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friction is investigated to study the effects of varying plunge force, rotational speed, and travel 
speed.  
4.7.1 Effect of plunge force on welding 
    A parametric study was conducted to investigate the effects of plunge force. Three different 
plunge forces of 12.455 kN, 15.568 kN, and 21.351 kN were considered. During these analyses, 
travel speed and rotational speed were kept constant. 
    Fig. 4.22 shows that frictional dissipation energy for 27s of simulation for all three plunge 
force cases. It can be seen that the energy increases with the increase in plunge force. The total 
frictional dissipation energy increased 22.96% when plunge force is increased from 12.455 kN to 
21.351 kN. Similarly, frictional dissipation energy increased 21.48% when plunge force is 
increased from 15.568 kN to 21.351 kN. A higher plunge force causes more material to penetrate 
and spin by rotation thus produces more energy. Table 4.10 summarizes the plunge force effect 
on the frictional energy.  This result is consistent with the experimental result reported by Tang 
et al. (W. Tang 1998) 
 
Fig. 4.22 Frictional dissipation energy variation with plunge force (𝜔=350rpm, v=1.27 mm/s) 
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Table 4.10 Summary of friction dissipation energies for various plunge forces 
Rotational Speed, 
𝜔(rpm) 
Traverse Speed, 
V(mm/s) 
Plunge 
Force, 
 𝐹𝑍(kN) 
Frictional 
Energy 
(J) 
Frictional energy 
percentage 
increased 
350 1.27 12.455 1.04×10
6 
22.96% 
350 1.27 15.568 1.06×10
6 
21.48% 
350 1.27 21.351 1.35×10
6 
Base1 
a
With respect to Base1 weld schedule 
4.7.2 Effect of spindle rotational speed  
    Three different welding tool rotational speeds of 200 rpm, 300 rpm, and 450 rpm have been 
considered to study the effect of the tool’s rotational speed. A constant ravel speed of 
V=2.539mm/s and a constant plunge force of 𝐹𝑧=26.68kN have been used in the analysis.  
 
Fig. 4.23 Frictional dissipation energy variation with rotational speed (v = 1.27mm/s, 𝐹𝑧 =26.68 
kN) 
    Fig. 4.23 represents frictional dissipation energy at 200, 300, and 450 rpm, respectively. The 
higher the rotational speed produced higher dissipation energy. The total frictional dissipation 
energy increased about 80.06% when rotational speed is increased from 200 rpm to 450 rpm. 
Moreover, when the rotational speed is increased from 300 rpm to 450 rpm total frictional energy 
increased about 32.25%. This higher energy is produced by higher relative velocity of the 
materials due to high rotational speed.  Table 4.10 summarizes the effect of rotational speed on 
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frictional dissipation energy.  Similar results have been reported by experimental work of Tang 
et al. (W. Tang 1998).   
Table 4.11 Summary of friction dissipation energies for various rotational speeds 
Rotational Speed, 
𝝎(rpm) 
Traverse Speed, 
V(mm/s) 
Plunge Force, 
𝑭𝒁(kN) 
Total 
Frictional 
Energy, (J) 
Frictional energy 
percentage 
Increase
a 
200 2.539 26.68 3.09×10
5 
           80.06% 
300 2.539 26.68 1.05×10
6 
32.25% 
450 2.539 26.68 1.55×10
6 
Base2 
a
With respect to Base2 weld schedule 
4.7.3 Effect of welding speed 
    The effect of tool travel speed on frictional dissipation energies was also investigated by 
considering three different weld speeds 3.386 mm/s, 2.539 mm/s and 1.693 mm/s. A constant 
rotational speed of 𝜔=300 rpm and a constant plunge force of 𝐹𝑧=26.68kN have been used in 
these analysis.  
    From Fig. 4.24, it can be seen that as the welding speed decreases frictional dissipation energy 
increases. The total frictional dissipation energy increased about 5.40% when travel speed is 
decreased from 3.386 mm/s to 1.693 mm/s. Moreover, total frictional dissipation energy 
increased about 4.50% when the travel speed is decreased from 2.539 mm/s to 1.693 mm/s. The 
lower travel speed of the tool results in more time to rotate on material and thus the rate by 
which heat is produced locally increases. Table 4.12 summarizes the effect of travel speed on 
frictional dissipation energy. 
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Fig. 4.24 Frictional dissipation energy variation with welding speed (𝐹𝑧 =26.68 kN, 𝜔 = 300rpm) 
Table 4.12 Summary of total friction and plastic dissipation energies for various travel speed 
Rotational Speed, 
𝝎(rpm) 
Travel Speed, 
V(mm/s) 
Plunge Force, 
𝑭𝒁(kN) 
Total 
Frictional 
Energy (J) 
Frictional energy 
Percentage 
Increase
a 
300 3.386 26.68 1.05×10
6 
5.40% 
300 2.539 26.68 1.06×10
6 
4.50% 
300 1.693 26.68 1.11×10
6 
 Base3 
a
With respect to Base3 weld schedule 
 
4.8 Conclusion 
    A fully coupled thermomechanical 3D model has been developed to analyze thermal heat 
generation and distribution during friction- stir- welding. The goal of this research effort is to 
advance FSW modeling a degree closer to actual weld conditions by introducing sticking and 
sliding friction along with temperature dependent friction coefficient to study the heat generation 
during FSW process. Though the developed model cannot capture plastic deformation 
accurately, it is an improvement over thermal model as it captures heat generation due to friction. 
The following conclusions can be drawn from this research: 
1. The temperature profile obtained from simulation is consistent with the temperature 
profile obtained from experiments. Temperature profiles from three different weld 
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schedules have been used to compare the result with the simulation results. In all cases, 
the highest relative error is below 6% with a mean value of 2.47%. 
2. Even though the current model does not capture all of the plastic energy produced by 
FSW in the workpiece, its results are in good agreement with experimentally measured 
temperatures. This implies that heat produced from the frictional work of the tool and 
workpiece produces most of the energy, which is consistent with similar findings in the 
literature (W. Tang 1998). 
3. A parametric study was conducted to analyze the effect of different weld parameter-
plunge force, rotational speed, and travel speed. Findings from this study revealed that: 
a. The higher the plunge force, higher friction dissipation energy is generated. Total 
frictional dissipation energy is increased by 23% and 21% when plunge force is 
increased from 12.455 kN to 21.351 kN.  
b. The higher the rotational speed, higher the total amount of frictional dissipation 
energy. When rotational speed is increased from 200 rpm to 450 rpm, total 
frictional energy is increased to 80.06% and 32.25%, respectively.  
c. Lower travel speed causes more total frictional and plastic dissipation energy. 
When travel speed changes from 3.386 mm/s to 1.693 mm/s, the total frictional is 
changed from 5.40% and 4.50%, respectively.  
4. Among the three major FSW process parameters, the effect of rotational speed on 
generating frictional energy is found to be the most important parameter.     
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CHAPTER 5:  COUPLED THERMOMECHANICAL STRAIN RATE 
DEPENDENT MATERIAL MODELLING OF FSW 
 
5.1 Introduction 
    During FSW, there is very high deformation underneath the pin tool. FSW involves a huge 
amount of plastic deformation. In such condition, the pure lagrangian formulation is not suitable 
to capture the high plastic deformation due to mesh distortion and element entanglement of 
highly deformed surfaces with large plastic strains. For FSW another formulation approach can 
be Eulerian formulation. Eulerian formulation allows the material move through the mesh and it 
is suitable for solving problem in fluid dynamics. The disadvantage of this scheme is that the 
surfaces and boundary conditions are difficult to track. To overcome this problem, current finite 
element analysis problem is modeled using ALE formulation using ABAQUS/Explicit. In the 
ALE formulation, the node points can be moved. The node points need not be fixed in space, 
thus this formulation allows the mesh to move independently of the material, making it possible 
to maintain a high-quality mesh during an analysis. Combining the advantages of both 
Lagrangian and Eulerian methods, the ALE method is well suited to deal with large deformation 
problems, avoiding element distortion problems. 
    FSW simulation is quite difficult to model without the use of adaptive feature available in 
Abaqus/Explicit. The main criteria of adaptive mesh scheme is that it enables a finite element 
model to maintain a high quality mesh automatically, even the model is subjected to severe 
deformations, this enables mesh to move independently of the material. During adaptive meshing 
increment, a new, smoother mesh is created by sweeping iteratively over the adaptive mesh 
domain. In each mesh sweep, nodes in the domain are relocated, based on the current positions 
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of neighboring nodes and element.  That means the boundary nodes remain on the boundary 
while the interior nodes are moved which reduce element distortion. 
    The main objective of the present work is two fold: First, develop a model to estimate heat 
generation during FSW. One major difference comparing the present model with previous 
models published in the literature is that all steps of FSW has successfully simulated including 
plunge, dwell and travel stage. Moreover, temperature dependent friction coefficient is employed 
in the model that takes into account both sticking and sliding friction conditions along with a rate 
dependent plasticity model. Also in the model, heat generation is modeled as a process in itself 
by accounting for frictional heat between tool/boundary conditions and plastic deformation. The 
model is applied to two different weld schedules of Aluminum AA2219 alloys to demonstrate 
the validity of the model. Second objective of this study is to do a parametric study was on 
critical weld parameters including- rotational speed, weld speed and plunge rate. The rotational 
speed was varied from 200 rpm to 450 rpm. Similarly, the weld speed was varied from 1.27 
mm/s to 2.54 mm/s and the plunge rate ranging from 0.3 mm/s to 0.6 mm/s was considered. 
These weld schedules have been selected from experiment.   
5.2 Model description 
    The experimental results compared with simulated result in this paper were taken from the 
FSW process of workpiece that the authors tested (Dewan, Huggett et al. 2016). The welds were 
made with a fixed pin tool using I-STIR PDS FSW machines. The experimental setup for this 
workpiece is shown in Fig. 4.1. The workpiece material is AA2219 aluminum alloy. 
---------------- 
This chapter was previously published as Saad Aziz et al., “A fully coupled thermomechanical 
model of Friction Stir Welding(FSW) and numerical studies on process parameter of Aluminum 
Alloy joints.”Acta Metallurgica Sinica (English Letters) 31 (1) (Jan. 2018), 1-18. It is reprinted 
here by permission of Springer Nature 
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    The FEA model is consist of two parts, workpiece and tool as shown in Fig. 5.1. In the model, 
the tool is considered as a 3D analytic rigid shell and the workpiece is considered as a solid 
ductile material whose constitutive model is capable of simulating elastic, plastic, large strain, 
large deformation, and Johnson-Cook hardening effect. The plate’s elastic and plastic behavior 
was assumed to be rate dependent, after reviewing the speed of the FSW schedules covered in 
this research. As mentioned earlier, there was no heat source input in this work; rather heat 
generation in the model was a result of friction work between the tool and the workpiece 
interface. In the FEA model the workpiece has a length of 80 mm, width of 80 mm and thickness 
of 8.128 mm. The meshed model has 204800 nodes and 25600 elements as shown in Fig. 5.1. 
The workpieces have been modeled using thermal coupled element C3D8RT. This type of 
element has 8-node tri linear displacement and temperature degree of freedom and reduced 
integration with hourglass control. The diameter of the tool shoulder is 30 mm and the height of 
the shoulder is 4 mm. The diameter of the pin nib is 10 mm and the height of the pin nib is 6 
mm. The tapered angle of the tool is 20
0
. The tool is modeled as analytical rigid surfaces which 
motion is controlled using a reference node. The reference node has translation, rotation and 
thermal degrees of freedom. The rigid body is assumed to be isothermal.  
 
 
Fig. 5.1 (a) Finite element model of workpiece and tool (b) Dimension of the tool 
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5.2.1 Material and associated flow model 
    In the present work, the workpiece material yield strength is considered controlled by strain 
and strain rate hardening. A temperature and strain rate dependent material model elastic plastic 
Johnson Cook material law has been used in the current analysis.  The Johnson-Cook plasticity 
model is widely used for high strain rate deformation. The model can be represented by (5.1) , 
 𝜎𝑦 = (𝐴 + 𝐵[ ̅
𝑝𝑙]𝑛)(1 +cln 
𝜀𝑝𝑙̇
𝜀0̇
)(1 − (
𝑇−𝑇𝑟𝑒𝑓
𝑇𝑚𝑒𝑙𝑡−𝑇𝑟𝑒𝑓
)𝑚)      
 
(5.1) 
 
    Where, 𝜎𝑦 is the yield stress, ̅
𝑝𝑙 the effective plastic strain, 𝑝𝑙̇  the effective plastic strain rate 
and 0̇ the normalizing strain rate. Here, A, B, C, n, and m are material/test constants. 𝑇𝑚𝑒𝑙𝑡, 𝑇𝑟𝑒𝑓 
are melting and reference temperature respectively. A summary of the AA2219 material property 
for Johnson Cook model has been listed in Table 5.1 
Table 5.1 Johnson Cook Material Plastic Model input 
A 
(MPa) 
B 
(MPa) 
n m 
Melting 
temperature 
(
o
C) 
Reference 
temp 
(
0
C) 
369  684 0.73 1.7 543 25 
 
5.2.2 Yield condition 
    The von mises yield criterion has been used in the current analysis as a yield criterion. The 
von mises yield criterion is represented by equation (5.2) (5.3); 
 𝑓(𝜎, 𝜎𝑦) = 𝜎𝑒 − 𝜎𝑦 = 0                                                                                                                
 
(5.2) 
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where, 𝜎𝑒= von mises effective stress=√
3
2
(𝜎: 𝜎 −
1
3
𝑡𝑟(𝜎)2) 
(5.3) 
 
 
𝜎𝑦 = yield strength, tr= Tresca criterion 
5.2.3 Flow rule 
    Flow rule determines the increment in plastic strain from the increment in load. In current 
analysis associative flow rule is used which is represented by equation (5.4); 
 
{ 𝑝𝑙̇ } = 𝑑𝜆 {
𝜕𝑁
𝜕𝜎
} 
 
(5.4) 
 
    where, { 𝑝𝑙̇ } = change in plastic strain, 𝑑𝜆 = magnitude of the plastic strain increment, 𝑁 =
 plastic potential (which determines the direction of plastic straining), 𝜕𝜎 = change in stress 
5.2.4 Thermal boundary condition 
    The initial temperature boundary condition used for calculation can be expressed as equation 
(5.5);  
 
 
𝑇(𝑥, 𝑦, 𝑧, 𝑡) = 𝑇𝑖 (5.5) 
 
 
 
Fig. 5.2 Meshes and thermal boundary conditions of the finite element model 
 69 
 
 
    Fig. 5.2 shows the schematic sketch of the physical model. The boundary condition for heat 
exchange between top surface of the workpiece and surroundings require convections.  
    The governing equation describing transient heat transfer process during FSW process can be 
described by the equation (5.6), 
 
𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑥
[𝑘𝑥
𝜕𝑇
𝜕𝑥
+ 𝑘𝑦
𝜕𝑇
𝜕𝑦
+ 𝑘𝑧
𝜕𝑇
𝜕𝑧
] + 𝑄 
(5.6) 
 
 
    Here, 𝑐𝑝 is the specific mass heat capacity, 𝜌 is the density of the material, 𝑘 is the thermal 
conductivity (𝑘𝑥, 𝑘𝑦, 𝑘𝑧 are the heat conductivity in 𝑥, 𝑦, 𝑧  directions) , 𝑄 is the heat generation 
and 𝑇 is the absolute temperature. 
 
    Equation (5.6), can be represented by equation (5.7); 
 𝐶(𝑡)?̇? + 𝐾(𝑡)𝑇 = 𝑄(𝑡) (5.7) 
 
    Here,  𝑇 is the nodal temperature vector, ?̇? is the temperature derivative with respect to time 
(i.e. 
𝑑𝑇
𝑑𝑡
), 𝐾(𝑡) is the time dependent conductivity matrix, 𝐶(𝑡) is the time dependent capacitance 
matrix and 𝑄(𝑡) is the time dependent heat vector.      
    Solving the nodal temperature rate from the above equation yields equation (5.8), 
 ?̇?𝑖 = 𝐶
−1(𝐹 − 𝐾𝑇𝑖) 
 
(5.8) 
 
    Applying forward difference integration for the nodal temperature rate gives equation (5.9), 
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?̇?𝑖 =
𝑇𝑖+1 − 𝑇𝑖
∆𝑡𝑖+1
 
 
(5.9) 
 
    The above expression can be rewritten as by equation (5.10), 
 𝑇𝑖+1 = (∆𝑡𝑖+1)𝑇?̇? + 𝑇𝑖 (5.10) 
 
    Thus, by replacing equation (5.8) in equation (5.10), the final explicit expression for the nodal 
temperature rate can be written as equation (5.11), 
 𝑇𝑖+1 = (∆𝑡𝑖+1)𝐶
−1(𝐹 − 𝐾𝑇𝑖) + 𝑇𝑖 (5.11) 
 
    In general, convection is the main reason for heat loss in the workpiece. The heat loss from 
both the side and the top surfaces are calculated using equation (5.12); 
 𝑞𝑙 = ℎ𝑐𝑜𝑛(𝑇 − 𝑇𝑎) (5.12) 
 
    Here 𝑇 represents absolute temperature of the work piece, 𝑇𝑎 ambient temperature and ℎ𝑐𝑜𝑛 
convection coefficient. At the top surface of the weld plate in the experimental setup, a chill bar 
is present which helps to clamp the workpiece. The chill bar acts as a heat sink. The chill bar will 
cause a high heat transfer coefficient from the top surface, which has been given a value of 100 
W/m
2
. From the side surface, heat transfer coefficient of 30 W/m
2
 is used for aluminum to air 
convection. Also at the bottom of the plate, a backing plate is used to counter the plunge force. 
The backing plate also acts as a high heat sink during welding. Therefore, a high heat transfer 
coefficient is used to model the heat transfer from backing plate. Equation (5.13)  is used in the 
model to calculate the heat loss from backing plate; 
 (𝑞𝑏𝑎𝑐𝑘 = ℎ𝑏𝑎𝑐𝑘𝑇 − 𝑇𝑎)       
 
(5.13) 
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    where, ℎ𝑏𝑎𝑐𝑘 represents convection heat coefficient from backing plate. In order to avoid 
complexity associated with determining contact conditions between the workpiece and the 
backing plate, the value of ℎ𝑏𝑎𝑐𝑘 was calibrated to match experimental data. In this current case 
which was found to be 100 W/m
2
. All thermal boundary condition of current analysis has been 
shown in Fig. 5.2 
5.2.5 Mechanical boundary condition 
    Fig. 5.3 shows the schematic sketch of the physical model. The bottom of the workpiece is 
restrained in the normal direction as shown by equation (5.14), 
 𝑈𝑦 = 0 (5.14) 
 
    And the bottom of the plate is at, 𝑦 = 0 
    The mechanical boundary conditions used in the current analysis are shown in Fig. 5.3. 
 
Fig. 5.3 Mechanical boundary conditions of the plate 
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5.3 FEA modeling 
5.3.1 Workpiece and tool modeling 
    Finite element analysis software, ABAQUS/Explicit has been used to carry out the numerical 
simulation. The FSW modeling is divided into three stages, namely- (1) Plunge, (2) Dwell, and 
(3) Traverse stage. During the plunge stage, the pin tool first moves down vertically while 
rotating; It keeps on rotating on the same location during the dwell stage, later it is  followed by 
moving along the weld seam with rotation during the traverse stage. Details of the steps needed 
for modeling are i.e., time steps and the boundary conditions are listed in Table 5.2. In the 
model, a eight node 3-D temperature displacement coupled element, C3D8RT, with reduced 
integration and hourglass control was used in the model. To create a continuum model, rather 
than two separate workpiece, a single workpiece was modeled. The whole plate is defined as an 
adaptive domain. This enables the material can be moved independently of the mesh. The 
workpiece surface is treated as a sliding type, which allows the mesh to follow the material in the 
direction normal to the surface but remains stationary in the other two orthogonal directions. 
Also, in the analysis, for the pin tool a plunge rate of 0.4 mm/s and a plunge depth of 6.08 mm is 
used. 
Table 5.2 Simulation details for three steps 
Stage Time Step   Boundary condition 
Plunging 15.2s                                        Displacement along y- axis,   
                 Rotation along y-axis                                  
Dwelling 0.1s                  Rotation along y- axis 
Traversing 20s                  Rotation along y- axis 
                 Movement along x- axis 
 
    In the current analysis, the rate of frictional energy dissipation energy is calculated by 
equation (5.14),  
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 ℛ = 𝜏?̇? (5.14) 
    Where, 𝜏 is the frictional stress and ?̇? is the slip rate. The amount of heat energy released on 
each surface is assumed to be generated by equation (5.15),  
 𝛲𝐴 = 𝑓𝜂ℛ  and 𝑃𝐵 = (1 − 𝑓)𝜂ℛ (5.15) 
    𝜂 = fraction of dissipated energy; 𝑓 = the weighting factor; 𝛲𝐴= heat flux into the slave 
surface; 𝑃𝐵 = heat flux into the master surface. 
    The heat generated by plastic energy dissipation is calculated by equation (5.16), 
 ℱ𝑝𝑙 = 𝜂𝐴𝜎𝑑 𝑝𝑙̇  (5.16) 
    Where, 𝜂𝐴 is the user defined factor, 𝜎𝑑 is the deviatoric stress, 𝑝𝑙̇  is the rate of plastic 
straining, ℱ𝑝𝑙 is the plastic energy dissipation energy.  
    In the model, 90% of frictional and plastic energy is considered converted into the heat 
energy. Also in the current simulation, 95% of the generated heat was distributed in the 
workpiece and 5% of the generated heat was distributed in the pin tool following 
recommendations by previous research work (Chao, Qi et al. 2003). 
    During heat generation of FSW, friction coefficient plays an important role. However, several 
factors such as temperature, contact geometry, relative motion between tool and workpiece and 
applied force influence the friction coefficient. An extensive study has been done on factors of 
friction coefficient of FSW by Zhang et al. (Zhang, Xiao et al. 2011) and found out that the 
friction coefficient mainly depends on temperature. Therefore, a temperature-dependent friction 
coefficient has been used in the current analysis which varies between 0.3 and 0.2 (Awang 2007) 
and has been listed in Table 5.3 
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Table 5.3 Temperature dependent friction coefficient used in the model 
Temperature(°C) Friction coefficient 
25 0.3 
300   0.25 
420 0.2 
543   0.01 
. 
    From Table 5.3, we can see that as temperature rises, friction coefficient remains constant up 
to 300°C; after 300°C, friction coefficient starts decreasing. The choice of this friction coefficient 
can be described as explained by the work of Zhang et al.(Zhang, Xiao et al. 2011) with a help of 
flowchart as shown in Fig. 5.4 
 
Fig. 5.4 Flowchart for choice of friction coefficient 
 
5.3.2 Material properties 
    The weld base metal is AA2219-T87. The density of AA2219-T87 is 2840 (kg/m
3
), specific 
heat capacity is 1100 (J/kg/°C) and the heat conductivity is 160 (W/m/°C), which are assumed to 
be independent on variation of temperature during FSW. The melting point of AA2219 is 543
0
C.  
As mentioned earlier, the FSW tool is considered to be rigid and, hence, no mechanical 
properties had to be specified for its material. On the other hand, since the tool was acquiring a 
portion of the heat generated as a result of tool–workpiece interfacial slip, during the FSW 
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process its thermal capacity had to be specified. Heat capacitance from bottom of the tool surface 
is assigned as 350 W/m
2
 in the model.  
5.3.3 Mechanical analysis 
    In the analysis, mechanical response of FSW is governed by the following matrix form of 
equation (5.17) , 
 𝑀?̈? + 𝐶?̇? + 𝐾𝑤 = 𝐹 
 
(5.17) 
 
    Here, 𝑀 represents mass matrix, 𝐶 is the damping matrix and 𝐾 is the stiffness matrix, 𝐹 is the 
external forces. Also,?̈?, ?̇? and 𝑤 represent nodal acceleration, velocity and displacement 
respectively. 
    The above equation can be rewritten in the form of equation (5.18), 
 𝑤𝑖̈ =  𝑀
−1(𝐹 − 𝐶?̇?𝑖 − 𝐾𝑤𝑖) 
 
(5.18) 
 
     An explicit central difference formula has been used for integration. The acceleration 
equation can be written as (5.19), 
 
𝑤𝑖̈ =
?̇?
𝑖+
1
2
− ?̇?
𝑖−
1
2
(∆𝑡𝑖+1 + ∆𝑡𝑖)/2
 
 
(5.19) 
    The velocity can be expressed by the equation (5.20),  
 
?̇?
𝑖+
1
2
= (
∆𝑡𝑖+1 + ∆𝑡𝑖
2
) 𝑤𝑖̈ + ?̇?𝑖−1
2
̇
 
 
(5.20) 
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    By replacing the nodal acceleration value from equation (5.18) in equation (5.20), we get 
equation (5.21), 
 
?̇?
𝑖+
1
2
= (
∆𝑡𝑖+1 + ∆𝑡𝑖
2
) 𝑀−1(𝐹 − 𝐶?̇?𝑖 − 𝐾𝑤𝑖) + ?̇?𝑖−1
2
 
 
 
 
(5.21) 
 
5.3.4 Computational cost 
 
    Computational cost of FSW process by ALE method can be very costly. During coupled 
thermomechanical analysis both mechanical and thermal parts has their own stable time 
increment.  However the stable time increment is defined as the smaller among the two.  
     The mechanical stable time is defined by the condition that stress should not transmit more 
than the distance of the minimum element length of the dimension.  The stable time increment is 
defined as equation (5.22), 
 
∆𝑡𝑚𝑎𝑥,𝑚𝑒𝑐ℎ =
𝐿𝑠𝑚𝑎𝑙𝑙
𝑐𝑑
 
 
(5.22) 
 
    Where, 𝐿𝑠𝑚𝑎𝑙𝑙 is the smallest characteristic element length,  𝑐𝑑 is the dilatational wave speed 
of the material. 
    The dilatational wave speed can be defined in a linear elastic material is defined as equation 
(5.23), 
 
𝑐𝑑 = √
𝐸
𝜌
 
(5.23) 
 
 
    Where, 𝐸 is the Elastic modulus and 𝜌 is the density of the material. In case of aluminum 
alloys, 𝐸 = 70GPa and 𝜌 =2840 kg/m3. Therefore the value of 𝑐𝑑 is 4964.66 m/s. The smallest 
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workpiece element size present in the current work is 0.001 m. So using equation (5.22), stable 
time increment for ∆𝑡𝑚𝑎𝑥,𝑚𝑒𝑐ℎ is ~ 2.0*10
-11
.  
    Since FSW process is a thermomechanical problem, thermal stable time increment is also 
checked. According to definition, within the time increment, the thermal wave must not spread a    
distance longer than minimal element length. Therefore, thermal stable time increment is defined 
as in equation (5.24), 
 
∆𝑡𝑚𝑎𝑥,𝑡ℎ𝑒𝑟𝑚 =
𝐿𝑠𝑚𝑎𝑙𝑙
2
(2𝛼)
 
 
(5.24) 
 
    Where, 𝐿𝑠𝑚𝑎𝑙𝑙 is the smallest characteristic element length,  𝛼 is the thermal diffusivity of the 
material. For Aluminum alloy value of 𝛼  is 2.44*10-5 (m2/s). Using equation (5.24), ∆𝑡𝑚𝑎𝑥,𝑡ℎ𝑒𝑟𝑚 
is calculated as 2.04*10
-4
 s. 
 
    Computational facility available for current research work requires estimated 108 hours per 
single computational analysis. Due to this high computational time, a mass scaling algorithm is 
used in the model. The work of mass algorithm is to increase material density artificially so it 
increases the stable time increment. Both fixed mass scaling and variable mass scaling have been 
used in the present analysis. Fixed mass scaling is used in the analysis on the entire model at the 
beginning of the step. In current analysis, the element whose stable time increment is below 10
-4
s 
has assigned fixed mass scaling. The use of mass scaling does not affect the amount of heat 
generated by dissipation of plastic deformation and friction. Variable mass scaling is used to 
scale elements that their stable time increment is drastically reduced due to large deformations. 
In variable mass scaling, calculations are performed periodically during the step. In present 
analysis variable mass scaling is applied on every 10 increment for the elements whose stable 
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time increment is below 10
-5
s. However, the use of mass scaling does not affect the amount of 
heat generated by dissipation of plastic deformation and friction. 
 
5.3.5 Arbitrary lagrangian eulerian formulation 
 
    During FSW, there is very high deformation underneath the pin tool. FSW involves a huge 
amount of plastic deformation. In such condition, the pure lagrangian formulation is not suitable 
to capture the high plastic deformation due to mesh distortion and element entanglement of 
highly deformed surfaces with large plastic strains. For FSW another formulation approach can 
be eulerian formulation. Eulerian formulation allows the material move through the mesh and it 
is suitable for solving problem in fluid dynamics. The disadvantage of this scheme is that the 
surfaces and boundary conditions are difficult to track. To overcome this problem, current finite 
element analysis problem is modeled using ALE formulation. In the ALE formulation, the node 
points can be moved. The node points need not be fixed in space, thus this formulation allows 
the mesh to move independently of the material, making it possible to maintain a high-quality 
mesh during an analysis. Combining the advantages of both Lagrangian and Eulerian methods, 
the ALE method is well suited to deal with large deformation problems, avoiding element 
distortion problems. 
    FSW simulation is quite difficult to model without the use of adaptive feature available in 
Abaqus/Explicit. The main criteria of adaptive mesh scheme is that it enables a finite element 
model to maintain a high quality mesh automatically, even the model is subjected to severe 
deformations, this enables mesh to move independently of the material. During adaptive meshing 
increment, a new, smoother mesh is created by sweeping iteratively over the adaptive mesh 
domain. In each mesh sweep, nodes in the domain are relocated, based on the current positions 
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of neighboring nodes and element.  That means the boundary nodes remain on the boundary 
while the interior nodes are moved which reduce element distortion. 
5.3.6 Contact condition 
    The critical part in numerical modeling of FSW is simulating the contact condition between 
various parts; i.e., workpiece, pin tool, and shoulder. The effect of Norton and Coulomb friction 
model on FSW has been analyzed in the work of Assidi et al. (Assidi, Fourment et al. 2010).  
Result shows that using norton friction model tool temperature is unsatisfactory and welding 
forces have significantly increased and far away from experimental values. On the other hand, 
result obtained by using coulomb friction model is closer to experimental obtained welding 
forces. Therefore in this current research, modified coulomb’s law is applied to describe the 
friction contact between the tool and the workpiece.  
    During FSW, depends upon the contact shear stress, sticking or sliding situation occurs. 
During sticking condition, the material close to the tool surface sticks to the pin tool. The 
velocity difference between the layer of the stationary material and the material moving with the 
tool is considered as shearing. For sticking, shear yield stress 𝜏𝑦𝑖𝑒𝑙𝑑, is expressed as equation 
(5.25), 
   𝜏𝑦𝑖𝑒𝑙𝑑= 
𝜎𝑦
√3
 (5.25) 
 
    Where 𝜎𝑦 = Yield strength of the material.                    
    In the presented model, the contact shear stress was taken equal to the shear yield stress 
(which depends upon temperature), by equation (5.26),  
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  𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡=  𝜏𝑦𝑖𝑒𝑙𝑑 =
𝜎𝑦
√3
                                        (5.26) 
 
    During sliding condition, the tool surface and the workpiece material slide with respect to each 
other. The shear stress necessary for sliding, is represented by coulomb’s friction law by 
equation (5.27), 
 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜇𝑝 = 𝜇𝜎 (5.27) 
 
    Where, 𝑝 is the contact normal pressure, 𝜇 is the friction coefficient, 𝜎 is the contact stress. 
    In the current analysis,  𝜏𝑚𝑎𝑥= 
𝜎𝑦
√3
  = 0.58y (Distortion energy criterion) is applied to determine 
stick/slip condition.  
     According to the modified Coulomb’s model, when the contact shear stress, 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡, is less 
than the maximum frictional stress, 𝜏𝑚𝑎𝑥, a sticking condition is modeled in current analysis. 
Conversely, when the contact shear stress, 𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡, exceeds  𝜏𝑚𝑎𝑥,the contact and the target surface 
will slide relative to each other, (i.e. sliding condition is modeled). Contact shear stress vs. 
contact pressure for sticking and sliding conditions are described in (Aziz, Dewan et al. 2016) 
‖𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡‖ ≤ 𝜏𝑚𝑎𝑥 → (Sticking); ‖𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡‖ ≥ 𝜏𝑚𝑎𝑥 →(Sliding); 
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Fig. 5.5 Modified Coulomb’s law depicting sliding and sticking conditions 
5.3.7 Mesh size study 
    To check for convergence, three different mesh have been analyzed- coarse (1 mm*1 mm*4 
mm), medium (1 mm*1 mm*2.66 mm), and fine (1 mm*1 mm*2 mm). All of them have same 
element type C3D8RT. Let coarse, medium and fine mesh stress of interest have been 
represented by ?̂?𝑐𝑜, ?̂?𝑚𝑒, ?̂?𝑓𝑖 respectively. Therefore the stress increments, which can be 
represented by equation (5.28), 
 ∆𝜎𝑚𝑒 = |?̂?𝑚𝑒 − ?̂?𝑐𝑜|  and  ∆𝜎𝑓𝑖 = |?̂?𝑓𝑖 − ?̂?𝑚𝑒| 
 
(5.28) 
 
    If the successive stress increments reduce by at least 10%, the three mesh sequence is 
considered to have converged.  This can be expressed by equation (5.29),  
 
 ∆𝜎𝑚𝑒 > 1.1 ∆𝜎𝑓𝑖 => converging, 
?̂? =
∆𝜎𝑓
?̂?𝑓
< 𝑒𝑠 => converged. 
 
(5.29) 
        where, ?̂?= error estimate; 𝑒𝑠 = error level. 
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    In the present analysis, 𝑒𝑠 of less than 3% is considered to be satisfactory. Therefore, stress 
value from fine mesh is considered to be acceptable. 
5.4 FSW calibration experiments 
    In the current analysis, temperature reading from workpiece surface during welding of two 
AA2219 aluminum alloy plates have been used for calibration. Each workpiece has a length of 
609.6 mm, width of 152.4 mm and thickness of 8.128 mm. The pin tool is made of H13 tool 
steel. The radius of the tool shoulder is 15.27 mm. The pin nib has a radius of 5 mm and the 
height of the pin nib is 6 mm. The tapered angle of the tool is 200. During experiment 
temperatures were measured from the surface of the workpiece by both K-type thermocouple and 
FLIR thermovision A40 thermo-grapher at the same time.  The layouts of the thermocouples are 
shown in Fig. 5.6 
 
Fig. 5.6 Layouts of the thermocouples (embedded in the surface) and thermographer (all 
dimensions are in millimeter) 
5.5 Thermal verification 
5.5.1 Thermal verification during fsw weld schedule 
    Rather than comparing temperature history with a single weld schedule, two different weld 
schedules have been analyzed to show the sensitivity of the model. Two different weld schedules 
have the same rotational speed, same temperature dependent friction coefficient but different 
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travel speed. A summary of the weld schedule is listed in Table 5.4. During FSW, temperature 
generated during experiment was measured using two different methods, namely attached 
thermocouple and thermographic device. The measured results were compared with simulation 
results. 
    In order to reduce simulation time, the length and width of the plate have been reduced, but 
the actual thickness was maintained. This enables the simulation to capture the behavior of the 
steady-state portion of the FSW process successfully without the need to simulate the entire 
steady-state region. Moreover, the plate width is reduced in such a way that the regions away 
from the weld line are not affected by the welding process. The dimension of the modeled plate 
is 80 mm (L) *40 mm (W) * 8.128 mm (T). 
Table 5.4 Different weld schedule for temperature verification 
Weld Schedule  Rotational 
Speed, 𝝎 (rpm) 
Travel Speed, v (mm/s) 
Case -1  350 1.27 
Case -2  350 2.54 
 
    Fig. 5.7 and Fig. 5.8 shows variations of temperature on the top surface at the thermocouple 
location of x = 42.36 mm, z = 26 mm along the weld direction for two different weld schedules. 
The comparison shows that FEA numerical results of temperature closely match with the 
experimental data.  
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Fig. 5.7 Comparison between temperature histories of thermocouples and FEA results at x = 
42.36 mm, z = 26 mm location (v = 1.27mm/s; 𝜔 = 350 rpm) 
 
Fig. 5.8 Comparison between temperature histories of thermocouples and FEA results at x = 
42.36 mm, z = 26 mm location (v = 2.54 mm/s;  𝜔 = 350 rpm) 
    Fig. 5.9 represent temperature field along the lateral direction from simulation for v = 1.27 
mm/s;  𝜔 = 350 rpm weld schedule. Fig. 5.10 and Fig. 5.11 represent comparison of the results 
obtained from FEA and from the experiment at transverse direction. From these figures 
temperature obtained from experiment are in close agreement with the simulated temperature. 
Error analyses between experimental temperature and FEA temperature have been shown on 
Table 5.5 and Table 5.6. Also, From Fig. 5.10 and Fig. 5.11 the temperature around the shoulder 
is higher than surrounding area, which is contributed by friction and plastic deformation. For this 
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localized heating, up to the tool shoulder radius temperature is highest and it decreases as the 
distance from center increases. Maximum temperatures in all two cases are 406.74°C and 
450.6°C. In all cases, the maximum temperature is less than the melting temperature of AA2219 
(543°C), which is typical for FSW. 
 
Fig. 5.9 Temperature field from simulation (v = 1.27 mm/s; 𝜔 = 350 rpm; Plunge rate = 0.4 
mm/s) 
 
Fig. 5.10 Comparison of temperature variations between experimental and simulation data along 
transverse direction (v = 1.27 mm/s;  𝜔 = 350 rpm; Plunge rate = 0.4 mm/s) 
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Fig. 5.11 Comparison of temperature variations between experimental and simulation data along 
transverse direction (v = 2.54 mm/s; 𝜔 = 350 rpm; Plunge rate = 0.4 mm/s) 
5.6 Error analysis 
    The mean relative error is calculated between the experimental and the FEA analysis value as 
shown in Table 5.5 and Table 5.6 at different distances perpendicular to the weld. 
Table 5.5 Error analysis for ω = 350 rpm, v = 1.27 mm/s weld schedule 
Distance from weld 
center (mm) 
Temperature from 
FEA analysis(°C) 
Temperature from 
experiment (°C) 
Absolute Error (%) 
0 406.74                   422 3.61 
15 318.064                   345 7.80 
26 227.293                   248 8.34 
32 208.535                   231                9.72 
39 200.495                   214  6.31 
                                                                                             Average Error                   7.15 
Table 5.6 Error analysis for ω = 350 rpm, v = 2.54 mm/s weld schedule 
Distance from weld 
center(mm) 
Temperature from 
FEA analysis(°C) 
Temperature from 
experiment (°C) 
Absolute Error (%) 
0 450.554 458 1.62 
15 335.171 364 7.92 
26 257.612 280 7.99 
32 228.571 251 8.93 
39 208.285 228 8.64 
                                                                           Average Error                    7.02 
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    For all schedules, the highest absolute relative error is below 10%, and the average error for all 
cases is below 7.08%. 
5.7 Mass scaling verification 
    As mentioned in section 5.3.4, mass scaling method is used to reduce the computational costs 
in the current simulation. To evaluate the effect of mass scaling on numerical solutions, the ratio 
of kinematic energy and internal energy is shown in Fig. 5.12  and Fig. 5.13 . From the Fig. 5.12  
and Fig. 5.13  it can be seen that ratio is very small in the current simulation. The maximum ratio 
is less than 0.1. This represents that FSW process is still a quasi-static problem though both fixed 
and variable mass scale is used. The use of mass scaling factor does not affect the numerical 
solutions of FSW significantly.  
 
Fig. 5.12 Variation of ratio of kinematic and internal energies with time when v = 1.27 mm/s and 
𝜔 = 350 rpm 
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Fig. 5.13 Variation of ratio of kinematic and internal energies with time when v = 2.54 mm/s and 
𝜔 = 350 rpm 
5.8 Energy generation during FSW process 
    The heat generation during FSW causes the workpieces to join together. During the FSW, heat 
is generated through two possible ways, namely, heat generation due to friction between 
tool/workpiece and heat generation due to plastic deformation of the workpiece. In the current 
work, the friction and plastic work have been investigated using frictional energy dissipation 
energy and plastic energy histories, respectively.  
    From (Bastier, Maitournam et al. 2006), friction work between tool and workpiece contributes 
most of the energy to the welding process. The frictional energy contributes majority of the total 
energy which is about 89.7% and 87.2% for case-1 and case-2 respectively. The high rotational 
speed and pressure created by the tool causes this high percentage of heat generation due to 
differential velocity (slip rate) on the workpiece surface. As shown in the Table 5.7, plastic 
energy from the model is about 9.35 % and 11.35 % of the total energy dissipated for case-1 and 
case-2 respectively. This plastic energy is due to the presence of internal friction forces, which 
resist the motion of the material. This percentage is similar compared to values reported in the 
literature by previous researchers such as Bastier et al. (Bastier, Maitournam et al. 2006).  Bastier 
et al. (Bastier, Maitournam et al. 2006) reported that plastic heat generation contributed only 4.4 
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% of total heat generation of FSW aluminum  alloy, with the remaining 95.6% heat being 
generated by friction. 
Table 5.7 Plastic/Frictional energy ratio of different weld schedule 
Weld 
Schedule 
Rotational 
Speed, 
𝜔 (rpm) 
Travel 
Speed, 
v (mm/s) 
Total 
frictional 
Energy (J) 
Total plastic 
energy (J) 
Total 
energy 
Total plastic energy
Total  energy
*100% 
Case-1 350 1.27 4.62*10
4 
4.76*10
3 
5.09*10
4 
9.35 % 
Case-2 350 2.54 4.92*10
4 
6.30*10
3 
5.55*10
4 
11.35 % 
 
    In the following sections, heat generation due to friction & plastic energy is investigated to 
study the effects of rotational speed, travel speed and plunge rate. 
5.8.1 Effect of rotational speed  
    A parametric study has been conducted for various rotational speeds. Three different rotational 
speed 200 rpm, 350 rpm, and 450 rpm have been considered to study the effect of the tool’s 
rotational speed. A constant weld speed of v = 1.27 mm/s and a constant plunge rate of 0.4 mm/s 
have been used in the analysis.  
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Fig. 5.14 Frictional dissipation energy variation with rotational speed (v = 1.27 mm/s, plunge 
rate = 0.4 mm/s) 
 
 
 
Fig. 5.15 Plastic energy dissipation energy variation with rotational speed (v = 1.27 mm/s, 
plunge rate = 0.4 mm/s) 
   Fig. 5.14 and Fig. 5.15  represent frictional dissipation energy and plastic dissipation histories 
at 200, 350, and 450 rpm, respectively. Based on the results, the higher the rotational speed, 
higher dissipation energy is produced. Total frictional dissipation energy incrasead about 19.91% 
when rotational speed is increased from 200 rpm to 350 rpm. Moreover, when the rotational 
speed is increased from 350 rpm to 450 rpm, total frictional energy increased about 3.03%. This 
higher energy is produced by higher relative velocity of the materials due to high rotational 
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speed.  For 200 rpm to 350 rpm rotational speed increment, total plastic heat energy dissipation 
increased is 68.06%, whereas for 350 rpm to 450 rpm plastic heat increment is about 24.15%. 
Table 5.8 summarizes the effect of rotational speed on frictional and plastic dissipation energy.  
From Table 5.8 we can see that when the rotational speed is increased, plastic dissipation energy 
is increased considerably and the frictional dissipation energy is increased slightly. Similar 
results have been reported by experimental work of Tang et al. (W. Tang 1998) 
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 Table 5.8 Summary of dissipation energies for various rotational speed 
Plunge 
rate 
(mm/s) 
Rotational 
Speed, 
𝝎 (rpm) 
Weld 
Speed, v 
(mm/s) 
Total 
frictional 
Energy 
(J) 
Frictional 
energy 
Percentage 
change
a
 
Total 
plastic 
energy (J) 
Plastic energy 
percentage 
change
a
 
0.4 450 1.27 4.76×10
4 
3.03% 
5.91×10
3
 24.15% 
0.4 350 1.27 4.62×10
4 
Base1
 4.76×10
3
 
 
Base1 
 
0.4 200 1.27 3.70×10
4 
19.91% 
1.52×10
3
 68.06% 
a 
With respect to Base1 weld schedule   
5.8.2 Effect of welding speed 
    The effect of tool travel speed on frictional dissipation energies was also investigated by 
considering three different weld speeds 1.27 mm/s, 1.69 mm/s and 2.54 mm/s. A constant 
rotational speed of 𝜔 = 350 rpm have been used in these analysis.  
    From Fig. 5.16, it can be seen that as the welding speed increases frictional dissipation energy 
increases. The total frictional dissipation energy increased about 5.32% when travel speed is 
increased from 1.27 mm/s to 1.69 mm/s. Moreover, total frictional dissipation energy increased 
about 0.82 % when the travel speed is increased from 1.69 mm/s to 2.54 mm/s. Furthermore, 
from Fig. 5.17 when travel speed is increased from 1.27 mm/s to 1.69 mm/s, total plastic 
dissipation energy is increased about 8.81%. Also as the welding speed increases from 1.69 
mm/s to 2.54 mm/s, plastic dissipation energy increases about 20.69 %. Table 5.9 summarizes 
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the effect of travel speed on frictional and plastic dissipation energy. From Table 5.9, when the 
travel speed is increased, plastic dissipation energy is increased significantly and the frictional 
dissipation energy is increased marginally. The higher travel speed of the tool results in faster 
time to rotate material quickly and thus the rate by which heat is produced locally increases. This 
result is consistent with the result reported by Zhang et al.(Zhang and Zhang 2009). 
 
Fig. 5.16 Frictional dissipation energy variation with welding speed (𝜔 = 350 rpm, plunge rate = 
0.4mm/s) 
 
Fig. 5.17 Plastic dissipation energy variation with welding speed (𝜔 = 350 rpm, plunge rate = 0.4 
mm/s) 
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 Table 5.9 Summary of dissipation energies for various weld speed 
Plunge 
rate 
(mm/s) 
Rotational 
Speed, 
𝝎 (rpm) 
Weld 
Speed, v 
(mm/s) 
Total 
frictional 
Energy 
(J) 
Frictional 
energy 
Percentage 
change
b
 
Total 
plastic 
energy (J) 
Plastic energy 
percentage 
change
b
 
0.4 350 2.54 4.92×10
4 
0.82% 
6.30×10
3
 20.69% 
0.4 350 1.69 4.88×10
4 
Base2
 5.22×10
3
 
 
Base2 
 
0.4 350 1.27 4.62×10
4 
5.32% 
4.76×10
3
 8.81% 
b 
With respect to Base2 weld schedule   
5.9 Effect of plunge rate on welding 
    A parametric study was conducted to investigate the effects of plunge rate. Three different 
plunge rate of 0.3 mm/s, 0.4 mm/s, and 0.6 mm/s were considered. During these analyses, travel 
speed was kept constant 1.27 mm/s and rotational speed was 350 rpm. The weld tool plunge 
depth was also constant 6.08 mm. 
    Fig. 5.18 and Fig. 5.19 show that frictional and plastic dissipation energy of simulation for all 
three plunge rate cases respectively. Based on the curves, energy increases with decrease in 
plunge rate. The total frictional dissipation energy is increased 28.01% when plunge rate is 
decreased from 0.6 mm/s to 0.4 mm/s. Similarly, frictional dissipation energy increased 24.56% 
when plunge rate is decreased from 0.4 mm/s to 0.3 mm/s. The plastic dissipation energy also 
follows the same trend of frictional dissipation energy curves. The slower the penetration speed, 
the higher the plastic dissipation energy. The total plastic dissipation energy is increased 28.53% 
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when plunge rate is decreased from 0.6 mm/s to 0.4 mm/s. Similarly, plastic dissipation energy 
increased 37.22% when plunge rate is decreased from 0.4mm/s to 0.3mm/s. Table 5.10 
summarizes the plunge force effect on the frictional and plastic dissipation energy.  This result is 
consistent with the work reported by Awang et al. (Awang and Mucino 2010).  
 
Fig. 5.18 Frictional dissipation energy variation with plunge rate (𝜔 = 350 rpm, welding speed = 
1.27 mm/s) 
 
Fig. 5.19 Plastic dissipation energy variation with plunge rate (𝜔 = 350 rpm, welding speed = 
1.27 mm/s) 
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Table 5.10 Summary of friction dissipation energies for various plunge rate 
Plunge 
rate 
(mm/s) 
Rotational 
Speed, 
𝝎 (rpm) 
Weld 
Speed, v 
(mm/s) 
Total 
frictional 
Energy 
(J) 
Frictional 
energy 
Percentage 
change
c
 
Total 
plastic 
energy (J) 
Plastic energy 
percentage 
change
c
 
0.3 350 1.27 2.89×10
4 
24.56% 
6.30×10
3
 37.22% 
0.4 350 1.27 2.32×10
4 
Base3
 5.22×10
3
 
 
Base3 
 
0.6 350 1.27 1.67×10
4 
28.01% 
4.76×10
3
 28.53% 
c 
With respect to Base3 weld schedule   
5.10 Conclusion 
    A fully coupled thermomechanical 3D model has been developed to analyze thermal heat 
generation and distribution during friction stir welding. In this study, both heat dissipation from 
frictional and plastic are considered. The following conclusions can be drawn from this research: 
1. The temperature profile obtained from simulation is consistent with the temperature 
profile obtained from experiments. Temperature profiles from two different weld 
schedules have been used to compare the result with the simulation results. In all cases, 
the highest relative error is below 10% with a mean value of 7.08%. 
2. Heat produced from the frictional work of the tool and workpiece produces most of the 
energy.  
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3. A parametric study was conducted to analyze the effect of different weld parameter- 
rotational speed, weld speed and plunge rate. Findings from this study revealed that: 
a. The higher the rotational speed, higher the total amount of frictional dissipation 
energy. When rotational speed is increased from 200 rpm to 350 rpm, and 350 
rpm to 450 rpm total frictional energy is increased to 19.91% and 3.03%, 
respectively. Also when rotational speed is increased from, 200 rpm to 350 rpm, 
and 350 rpm to 450 rpm, total plastic energy is increased to 68.06% and 24.15%, 
respectively. 
b. Higher weld speed causes more total frictional and plastic dissipation energy. 
When weld speed changes from 1.27 mm/s to 1.69 mm/s, 1.69 mm/s to 2.54 mm/s 
the total frictional is changed from 5.32% and 0.82%, respectively. Similarly, 
weld speed changes from 1.69 mm/s to 2.54 mm/s, 1.69 mm/s to 2.54 mm/s the 
total plastic is changed from 8.81% and 20.69%, respectively. 
c. The lower the plunge rate, higher friction and plastic dissipation energy is 
generated. Total frictional dissipation energy is increased by 28.01% and 24.56% 
when plunge rate is decreased from 0.6 mm/s to 0.4 mm/s, and 0.4 mm/s to 0.3 
mm/s, respectively. Total plastic dissipation energy is increased by 28.53% and 
37.22%, when plunge rate is decreased from 0.6 mm/s to 0.4 mm/s, and 0.4 mm/s 
to 0.3 mm/s, respectively. 
d. When rotational speed and weld speed is increased, plastic dissipation energy is 
increased considerably and the frictional dissipation energy is increased 
marginally. 
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CHAPTER 6:  NUMERICAL STUDIES ON THE EFFECT OF PROCESS 
PARAMETERS ON THE COULOMB AND THE MODIFIED 
COULOMB FRICTION MODELS OF FRICTION-STIR-WELDING 
(FSW) 
 
6.1 Introduction and scope 
    During FSW thermal energy is generated by friction between the pintool and the workpiece 
and large plastic deformations due to material stirring in the workpiece. So far several 
mathematical models have been developed to investigate the heat generation mechanism during 
FSW (Chao, Qi et al. 2003; Chen and Kovacevic 2004; Buffa, Hua et al. 2006; Zhang and Zhang 
2008; Zhang, Xiao et al. 2011). However, contact condition between the pintool and the 
workpiece is still not fully revealed or explained sufficiently; and hence there is still several 
unresolved questions relating to whether the contact condition is sticking or sliding.  
    In FSW, there are two extreme contact conditions occur, (a) full stick condition (pintool and  
workpiece material have the same velocity), and (b) full sliding condition (pintool and welded 
workpiece material has different velocities). Some authors have concluded that sticking 
condition dominates during FSW. For example, a Computational Fluid Dynamics(CFD ) based 
visco-plastic model was developed by Ulysse (Ulysse 2002) for FSW by considering full 
sticking condition. Another CFD based FSW model (Colegrove and Shercliff 2006) considered a 
full sticking condition. Some authors (Hamilton, Dymek et al. 2008; Hamilton, Sommers et al. 
2009) have developed a thermal model of FSW considering sliding condition even though the 
slipping condition prevails.  
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Some authors have assumed that while in FSW slipping condition prevails; such as, Hamilton et 
al. (Hamilton, Dymek et al. 2008; Hamilton, Sommers et al. 2009) developed a thermal model of 
FSW considering sliding condition.  
    The work of Schmidt et al. (Schmidt, Dickerson et al. 2006) and Gerlich et al. (Gerlich, 
Yamamoto et al. 2007) considered contact between pintool/workpiece during the weld 
processing is partially sticking/ sliding condition as the weld progress. In the work of Heurtier et 
al. (Heurtier, Jones et al. 2006) both kinematical and thermal modeling are combined which 
considered heat generation both from sticking and sliding conditions. However, in the work of 
Heurtier et al. (Heurtier, Jones et al. 2006) both kinematical and thermal modeling are combined 
heat generation both from sticking and sliding conditions was considered. However, in the work 
of Heurtier et al. (Heurtier, Jones et al. 2006) sticking and sliding conditions were uncoupled; as 
coupling both of the sources is considered to be complex. Schmidt et al. (Schmidt, Hattel et al. 
2004) used a contact state variable, 𝛿 which represents slip rate between the tool and the 
workpiece (when, 𝛿 =0: full sliding ; 𝛿 =1: full sticking;  and 0< 𝛿<1: partial sliding/sticking). 
A 3D CFD model was developed by Nandan et al. (Nandan, Roy et al. 2007) which considered 
partial sticking condition at tool shoulder and full sticking condition at the pin tool interface , the 
numerically simulated temperature results are in good agreement with the experimental result. 
Another model was developed by Su et al. (Su, Wu et al. 2014), where the friction coefficient 
and the slip rate were determined by using the measured tool torque and axial force considering 
partial stick condition.  
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    Different contact models have been used in the published literature to model the stick/slip 
condition at the interface between the pintool and the workpiece interface for FSW processing. 
Several researchers (Schmidt and Hattel 2005; Zhang and Zhang 2007; Zhang and Zhang 2008; 
Abbasi, Bagheri et al. 2015) used the Coulomb friction model in their thermomechanical 
modeling of FSW. The influence of the Norton and Coulomb friction model on FSW has been 
compared in the work of Assidi et al. (Assidi, Fourment et al. 2010) where they showed that 
utilization of Norton friction model for FSW failed to obtain appropriate temperature profile for 
the pintool. Moreover, welding forces obtained by Norton friction model is significantly higher 
than experimentally observed values. On the other hand, results obtained using the Coulomb 
friction model are closer to experimentally obtained welding forces. However, the shortcomings 
of using the Coulomb model are that the friction shear stress cannot be increased without setting 
an upper limit which causes shear failure of the material. To overcome Coulomb model’s 
limitation, various researchers (Soundararajan, Zekovic et al. 2005; Zhang, Zhang et al. 2007; 
Aziz, Dewan et al. 2016; Aziz, Dewan et al. 2017) used the modified Coulomb’s friction law to 
model FSW and accounted for the stick/slip condition between pintool/workpiece.   
    From critical literature review, it is clear that few studies have been conducted to compare the 
effect of process parameters on the Coulomb and the modified Coulomb friction model. Only in 
the work of Zhang et al. (Zhang 2008), the Coulomb model and the modified Coulomb model 
has been compared to study the effect on “temperature” and “material flow prediction”. From the 
work of Zhang et al. (Zhang 2008) it can be seen that at low pintool rotational speed, no obvious 
difference is observed between the two models in the simulation of FSW process. Also at higher 
pintool rotation speed, the classical Coulomb friction model fails to finish complete the 
simulation whereas, the modified Coulomb model can successfully complete the simulation. This 
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is because the decrease of the friction stress leads to a dynamic effect caused by the welding 
pintool. However, in the work of Zhang et al. (Zhang 2008), no analysis on the effect of process 
parameters on the friction and the plastic energy have been analyzed. 
    During FSW, there are several process parameters interactions need to be considered, such as:-
pintool rotation speed, welding speed, and the plunge rate (Mishra and Ma 2005; Aziz, Dewan et 
al. 2017) that affect the overall quality of the weld. Therefore the focus of this current chapter is 
to compare the Coulomb and the modified Coulomb friction model by studying the effect of 
pintool rotational speed, welding speed and plunge rate. The models used in the current work 
will help understand how the process parameters can influence temperature, friction and plastic 
energies. 
6.2 Arbitrary lagrangian eulerian formulation 
    Numerical simulation of FSW is always complex as a result of the high deformation 
underneath the pin tool. Eulerian formulation can be used for FSW modeling, however Eulerian 
formulation has shortcoming in the prediction of the contact surface. Lagrangian formulation 
does not encounter these difficulties and allows computing residual stresses at the weld plate. 
However, it is intrinsically difficult to model large deformation by Lagrange formulation which 
requires complicated remeshing. The Arbitrary Lagrangian-Eulerian (ALE) technique combines 
the advantages of both the Lagrangian and the Eulerian approaches which is suitable for large 
deformation problems.  The benefit of using Arbitrary Lagrangian Eulerian (ALE) method is that 
it allows node points to be moved randomly which allows the material and mesh to move 
independently. 
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6.3 Constitutive model of the material 
    In the developed FSW model, the workpiece is considered as a solid ductile material that is 
capable of simulating elastic, plastic, large strain, large deformation, and Johnson-Cook strain 
hardening effect. During FSW, the elastic and plastic behavior are highly rate- dependent, 
therefore of the plate’s elastic and plastic behavior are modeled as rate- dependent. The Johnson-
Cook plasticity model (Johnson 1983) is commonly used for large strains, high strain rates and 
high temperatures. An expression of the Johnson-Cook model can be represented The model can 
be represented by the following Equation (6.1),  
 
𝜎𝑦 = (𝐴 + 𝐵[ ̅
𝑝𝑙]𝑛)(1 +cln 
𝜀𝑝𝑙̇
𝜀0̇
)(1 − (
𝑇−𝑇𝑟𝑒𝑓
𝑇𝑚𝑒𝑙𝑡−𝑇𝑟𝑒𝑓
)𝑚) 
 
 
(6.1) 
 
    As mentioned earlier, there was no heat source input in this work; rather heat generation in the 
model was a result of friction work between the tool and the workpiece interface. Where, 𝜎𝑦 is 
the yield stress, ̅𝑝𝑙 the effective plastic strain, 𝑝𝑙̇  the effective plastic strain rate, and 0̇ the 
normalizing strain-rate. Here, A, B, C, n, and m are material/test constants and 𝑇𝑚𝑒𝑙𝑡, 𝑇𝑟𝑒𝑓 are the 
melting and reference temperatures, respectively. 
    Material properties of the AA2219 used for Johnson- Cook model in the current study is listed 
in Table 6.1. 
Table 6.1 Johnson- Cook Material Plastic Model input (Hamilton, MacKenzie et al. 2010) 
A 
(MPa) 
B 
(MPa) 
n m 
Melting 
temperature 
(
o
C) 
(Matweb) 
Reference 
temp 
(
0
C) 
369  684 0.73 1.7 543 25 
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    To represent yield conditions, von Mises yield criterion has been used in the current analysis. 
The von Mises yield criterion is expressed by Equations (6.2) and (6.3)(ANSYS 2012),  
 𝑓(𝜎, 𝜎𝑦) = 𝜎𝑒 − 𝜎𝑦 = 0   (6.2) 
                                                                                                                 
  
 
where, 𝜎𝑒= von Mises effective stress=√
3
2
(𝜎: 𝜎 −
1
3
𝑇𝑟(𝜎)2)       
(6.3) 
   
    Tr= Tresca criterion, 𝜎 = Stress   
    The load increment in the model is obtained using flow rule. An associative flow rule is used 
in the current model, which is represented by Equation (6.4)(Hamilton, MacKenzie et al. 2010); 
 
𝑑 𝑝𝑙 = 𝑑 ̅𝑝𝑙
𝜕𝑓(𝜎)
𝜎
 
 
(6.4) 
 
    Where, 𝑝𝑙 =Plastic strain,   𝑑 ̅𝑝𝑙 = √
2
3
𝑑 𝑝𝑙. 𝑑 𝑝𝑙. If the deviatoric stress tensor 𝑆 and von 
Mises yield function are used, the equivalent expression of Equation  can be obtained (Hamilton, 
MacKenzie et al. 2010), 
 
𝑑 𝑝𝑙 =
3𝑆
2𝜎
𝑑 ̅𝑝𝑙 
 
(6.5) 
 
    In the Johnson Cook Material model, the isotropic hardening plasticity and the von Mises 
yield surface with associated flow rule is used. The expression of Johnson Cook material model 
is represented by Equation (6.1).  Elastoplastic behavior is described by decomposing the strain 
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rate or strain increment into elastic and plastic parts as shown in Equation (6.6) (Hamilton, 
MacKenzie et al. 2010), 
 ̇ = ̇𝑒𝑙 + ̇𝑝𝑙 
 
(6.6) 
 
    Jaumann stress rate is employed to define the material behavior; the rate of stress is purely due 
to the elastic part of the strain rate and shown using Hook’s law by using Equation (6.7) 
(Hamilton, MacKenzie et al. 2010) , 
 ?̇? = 𝜆𝑡𝑟𝑎𝑐𝑒( ̇𝑒𝑙)I +2𝜇 ̇𝑒𝑙 
 
(6.7) 
 
    where,  𝑡𝑟𝑎𝑐𝑒( ̇𝑒𝑙) = ?̇?𝑖
𝑒𝑙 = ∑ ?̇?𝑖
𝑒𝑙𝑛
𝑖=1  , 𝜆 and 𝜇 are elastic constants. 
    After integration Equation (6.7) becomes Equation (6.8), 
 ∆𝜎 =  𝜆𝑡𝑟𝑎𝑐𝑒(∆ 𝑒𝑙)I +2𝜇∆ 𝑒𝑙 
 
(6.8) 
 
    The von Mises yield function, 
 
√
3
2
𝑆: 𝑆 - 𝜎𝑦 = 0 
 
(6.9) 
 
    where, 𝑆: 𝑆 = 𝑆𝑖𝑗𝑆𝑖𝑗, 𝜎𝑦 is uniaxial yield stress, which is defined as a function of equivalent 
plastic strain, strain rate and temperature. 𝑆 is the deviatoric stress and 𝑝 the hydrostatic pressure 
is represented in Equation (6.10) and (6.11), 
 𝑆 = 𝜎 + 𝑝𝐼 
 
(6.10) 
 
 
𝑝 = −
1
3
𝑡𝑟𝑎𝑐𝑒(𝜎) 
(6.11) 
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    The equivalent plastic strain is given by Equation (6.12) and Equation (6.13), 
 
̅𝑝𝑙 = ∫ ̅̇𝑝𝑙𝑑𝑡
𝑡
0
 
 
(6.12) 
 
̅̇𝑝𝑙 = √
2
3
 ̇𝑝𝑙 ∶ ̇𝑝𝑙    
 
(6.13) 
    and the plastic flow is expressed in Equation (6.14),   
 
̇𝑝𝑙 =
3
2
𝑆
𝜎𝑦
̅̇𝑝𝑙 
 
(6.14) 
 
6.4 Validation experiments 
    The following Fig.  6.1 represents the experimental setup of the FSW process used to validate 
the numerical model developed in this study.  I-STIR- PDS- FSW machines were used to weld 
the plates. The workpiece were Al-AA2219 for Aluminum alloy which has a thickness of 8.13 
mm. During FSW, a tapered screw pin thread is used as a pintool. The pintool shoulder diameter 
is 30 mm and the pin nib diameter is 10 mm. The height of the pintool shoulder and pin nib are 4 
mm and 6 mm, respectively. The pintool is tapered at an angle equal to 20
°
. To measure 
temperature from the surface of the workpiece, both K-type thermocouple and FLIR 
thermovision A40 thermographer is used at the time of welding.  
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Fig.  6.1 Experimental setup and process parameter of FSW (Aziz, Dewan et al. 2016) 
6.4.1  FSW finite element model  
    Finite element analysis software, ABAQUS/Explicit has been used to carry out the numerical 
simulations presented in this study. The pintool used in the experimental study is made of steel. 
In present work, the pintool is assumed to be isothermal and rigid rather than deformable to 
avoid unnecessary computational complexities. The diameter of the pintool shoulder is 30 mm 
and the height of the shoulder is 4 mm. The diameter of the pin nib is 10 mm and the height of 
the pin nib is 6 mm ((Fig 6.2 (b)). The tapered angle of the pintool is 20
0
.  A reference point is 
used to control the movement of the pintool. The reference point has the capability of translation, 
rotation, and thermal degrees of freedom. The pintool is assumed to be rigid isothermal. The 
plate is modeled using an eight- noded 3-D temperature displacement coupled element, 
C3D8RT. This type of element has 8-node tri-linear displacement and temperature degree of 
freedom, and reduced integration with hourglass control. In this model, a single-plate is modeled 
rather than two plates to avoid contact complexities. The entire plate was assigned as an adaptive 
domain which allows the mesh and the material to be moved independent of each other. The top 
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surface of the workpiece is considered as a sliding surface, where the mesh follows the material 
movement in the normal direction to the surface and moves independently of the underlying 
material in the tangential direction. The original plate length and width have been reduced, but 
the actual thickness was maintained in order to reduce simulation time. This enables the 
simulation to capture the behavior of the steady-state portion of the FSW process successfully 
without the need to simulate the entire steady-state region. The width of the workpiece in the 
developed model was decreased by trimming 112 mm from the plate’s boundaries which is at a 
distance from the weld line. The eliminated parts of the plate have hardly any boundary effect on 
welding procedure. The dimension of the modeled plate is length: 80 mm; width: 40 mm and 
thickness: 8.128 mm.  In the model, the workpiece is considered as a solid ductile material 
whose constitutive model is capable of simulating elastic, plastic, large strain, large deformation, 
and Johnson-Cook strain hardening effect. The plate’s elastic and plastic behavior was assumed 
to be rate dependent, which was determined after reviewing the speed of the FSW schedules 
covered in this research. As mentioned earlier, there was no external heat source input applied to 
the model; rather heat generation in the model was a result of friction work between the tool and 
the workpiece interface. The meshed model of the pin tool shown in the Fig.  6.2  have 204800 
nodes and 25600 elements. This type of element has 8-node tri-linear displacement and 
temperature degree of freedom, and reduced integration with hourglass control.  
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Fig.  6.2  The geometry model for FSW process; and (b) Geometry of the pintool  
    The FSW modeling is divided into three steps, namely: plunge, dwell, and travel. In the 
plunge step, the pintool descends towards the plate while rotating. After the initial penetration of 
the pin nib into the workpiece, the pintool keeps on rotating at the same position during the dwell 
step. The travel step is the last step where the pintool is traversed along the joint line. Details of 
the steps needed for modeling are i.e., time steps and the boundary conditions are listed in Table 
6.2. The pintool had a penetration speed of 0.4 mm/s and a plunging time of 15.2 seconds which 
equates to a plunge depth of 6.08 mm. A more detail on current FSW model can be found on our 
previous published work (Aziz, Dewan et al. 2017).   
Table 6.2 Simulation details for three modeling steps 
Stage Time Step   Boundary condition 
Plunging 15.2s                                        Displacement along y- axis,   
                 Rotation along y-axis                                  
Dwelling 5 s                  Rotation along y- axis 
Traversing 20s                  Rotation along y- axis 
                 Movement along x- axis 
 
    In the present work, rate of frictional energy dissipation is given by using Equation (6.15),  
 ℛ = 𝜏?̇? 
 
(6.15) 
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    where, 𝜏 = frictional stress and ?̇? = slip rate. The heat energy distributed on the pintool’s 
bottom surface and the top surface of the workpiece is calculated by Equation (6.16), 
 𝛲𝐴 = 𝑓𝜂ℛ  and 𝑃𝐵 = (1 − 𝑓)𝜂ℛ (6.16) 
 
    where, 𝜂 = fraction of dissipated energy; 𝑓 = the weighting factor; 𝛲𝐴= heat flux into the 
workpiece top  surface; 𝑃𝐵 = heatflux into the bottom surface of the  pintool.  
    The heat generated by plastic energy dissipation is calculated by Equation (6.17), 
 ℱ𝑝𝑙 = 𝜂𝐴𝑆 𝑝𝑙̇  
 
(6.17) 
 
    where, 𝜂𝐴= user defined factor, 𝑆 = deviatoric stress, 𝑝𝑙̇ = rate of plastic straining, ℱ
𝑝𝑙= 
plastic energy dissipation energy.  
     In the model, 90% of frictional and plastic energy is considered converted into the heat 
energy. Also in the current simulation, 95% of the generated heat was distributed in the 
workpiece and 5% of the generated heat was distributed in the pintool following the 
recommendations by previous research work (Chao, Qi et al. 2003).   
6.4.2 Choice of friction coefficient in fsw model 
    The choice of friction coefficient between the pintool and the workpiece plays an important 
role in FSW heat generation. During FSW, the temperature at pintool/plate interface of the alloys 
gets close to the solidus, which softens the pintool/plate interface and lowers the friction. In the 
work of Midling  and Grong  (Midling and Grong 1994) it is suggested that the friction 
coefficient between an Aluminum plate and mild steel should be 0.5 for sticking condition. 
Results obtained in the work of Ashby et al. (Ashby, Abulawi et al. 1991) suggested that steel 
sliding on Aluminum results a  friction  coefficient of 0.25 in dry sliding test at ambient 
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temperature. Soundarararjan et al.(Soundararajan, Zekovic et al. 2005) found that the friction 
coefficient varies between 0.4 and 0.5 according to the welding condition. A constant value of 
friction coefficient 0.3 was used by Schmidt and Hattel (Schmidt and Hattel 2005). Numerous 
elements such as temperature, contact geometry, and applied force affect the friction coefficient. 
Zhang et al. (Zhang, Xiao et al. 2011) conducted a detailed study on the factors affecting friction 
coefficient for FSW process. The research work of Zhang et al.(Zhang, Xiao et al. 2011) showed 
that the friction coefficient depends significantly on temperature. Therefore, a temperature-
dependent friction coefficient  analysis that varies between 0.2 and 0.3 (Awang 2007) was used 
in the analysis presented in this paper. The value of friction coefficient used in the current 
analysis has been listed in Table 6.3, which shows that as the temperature rises, the coefficient of 
friction is constant up to 300°C. However, after the temperature reaches 300°C, the coefficient of 
friction starts decreasing. Zhang et al.(Zhang, Xiao et al. 2011) explained the choice of friction 
coefficient with a help of flowchart shown in Fig.  6.3. 
Table 6.3 Temperature dependent friction coefficient used in current work 
Temperature (°C) Friction coefficient 
25 0.30 
300 0.25 
420 0.20 
543 0.01 
 
    From Table 6.3, as the temperature tends to rise, coefficient of friction is constant up to 
300°C; but as the temperature reaches 300°C, coefficient of friction starts to decrease. Zhang et 
al.(Zhang, Xiao et al. 2011) explained the choice of friction coefficient with a help of flowchart 
shown in Fig.  6.3 below. 
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Fig.  6.3 Explanation for choice of friction coefficient used in current study(Zhang, Xiao et al. 
2011) 
6.4.3 Material properties 
    The material properties of Aluminum-AA2219 are shown in Figs.6.4-6.6. Modulus of 
elasticity, thermal conductivity, and specific heat capacity are temperature dependent properties 
and accordingly vary significantly with temperature.  
 
Fig.  6.4 Elastic modulus of Aluminum as a function of temperature (McLellan and Ishikawa 
1987) 
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Fig.  6.5 Thermal conductivity of Al-AA2219 as a function of temperature (Zhang, Liu et al. 
2013) 
 
 
Fig.  6.6 Specific heat capacity of Al-AA2219 as a function of temperature (Zhang, Liu et al. 
2013) 
    As mentioned earlier, the FSW pintool has a temperature degree of freedom. The pintool-
workpiece interaction causes the pintool to carry a portion of the generated heat.  The bottom 
surface of the pintool was assigned a heat capacitance value of 350 W/m
2
. 
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6.4.4 Thermal boundary condition 
    The Fig 6.7 shows the physical model of the set up. In the model the initial temperature is set 
to 25°C. The boundary condition for heat exchange between the top surface of the workpiece and 
the shoulder involves consideration of both convective heat transfers. The initial temperature 
boundary condition used for calculation can be expressed as shown in Equation (6.18); 
 𝑇(𝑥, 𝑦, 𝑧, 𝑡) = 𝑇𝑖                                                                                                                         
 
(6.18)
 
    The equation for energy conservation during FSW process can be described by the Equation 
(6.19);  
 𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑥
[𝑘𝑥
𝜕𝑇
𝜕𝑥
+ 𝑘𝑦
𝜕𝑇
𝜕𝑦
+ 𝑘𝑧
𝜕𝑇
𝜕𝑧
] + 𝑄    
 
(6.19) 
 
    where, 𝑐𝑝 is the specific mass heat capacity, 𝜌 is the density of the material, 𝑘 is the thermal 
conductivity (𝑘𝑥, 𝑘𝑦, 𝑘𝑧 are the heat conductivity in 𝑥, 𝑦, 𝑧  directions) , 𝑄 is the heat generation 
and 𝑇 is the absolute temperature. 
    The energy Equation (6.19) can be re expressed as Equation (6.20); 
 𝐶(𝑡)?̇? + 𝐾(𝑡)𝑇 = 𝑄(𝑡) (6.20) 
 
    where,  𝑇 is the nodal temperature vector, ?̇? is the temperature derivative with respect to time 
(i.e. 
𝑑𝑇
𝑑𝑡
), 𝐾(𝑡) is the time dependent conductivity matrix, 𝐶(𝑡) is the time dependent capacitance 
matrix and 𝑄(𝑡) is the time dependent heat vector.      
    The heat convection is a major source for loss of heat in the plate during FSW. The heat loss 
from side surface and top surface of the plate is calculated using Equation (6.21); 
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𝐾
𝜕𝑇
𝜕𝑧𝑠𝑖𝑑𝑒
= ℎ𝑐(𝑇 − 𝑇𝑎) 
 
(6.21) 
    where, 𝑇 represents absolute temperature of the work piece, 𝑇𝑎 ambient temperature and ℎ𝑐 
convection coefficient.  
    In the experimental setup (see Fig.  6.1) a chill bar is present at the top surface of the weld 
plate, which clamps the workpiece. The chill bar will cause a high heat transfer coefficient from 
the top surface, which has been given a value of 100 W/m
2
 (Aziz, Dewan et al. 2016). To 
account for heat loss from the side surface of the plate, a heat transfer coefficient equal to 30 
W/m
2
 is used for aluminum to air convection (Zhu and Chao 2004). Also at the bottom of the 
plate, a backing plate is used to counter the plunge force. The backing plate also acts as a high 
heat sink during welding. Therefore, a high heat transfer coefficient is used to model the heat 
transfer from backing plate. At the bottom surface of the workpiece, the heat is transferred into 
the backing plate and is given by Equation (6.22),  
𝐾
𝜕𝑇
𝜕𝑦
𝑏𝑜𝑡𝑡𝑜𝑚
= ℎ𝑏(𝑇 − 𝑇𝑎) 
 
(6.22) 
     
     where, ℎ𝑏 represents convection heat coefficient from backing plate. In order to avoid 
complexity associated with determining contact conditions between the workpiece and the 
backing plate, the value of ℎ𝑏 was calibrated to match experimental data, which was found to be 
100 W/m
2
 for the justification FSW experimental setup. Thermal boundary condition of current 
analysis has been shown in Fig.  6.7. 
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Fig.  6.7 The meshed model and boundary conditions of thermal analysis (all dimensions are in 
millimeter) 
6.4.5 Mechanical boundary condition 
    Fig.  6.8 shows mechanical boundary conditions of the workpiece. The workpiece bottom  
surface  is fixed  in the normal direction as shown in Fig.  6.8 (Aziz, Dewan et al. 2016) as 
represented in Equation (6.23) . 
 𝑈𝑦 = 0         at 𝑦 = 0                                                                                                                                                          
  
(6.23) 
 
 
Fig.  6.8 Mechanical boundary conditions of workpiece 
 116 
 
6.4.6 Contact properties 
     During FSW, sticking or sliding occurs between the materials in contact (workpiece and 
pintool) depending upon the contact shear stress. While sticking, material near the surface 
adheres to the pintool. The velocity dissimilarity among stationary material and materials 
moving along the tool causes shearing action. 
    The determination in the contact friction stress is different in the two contact models: 
Coulomb friction law and modified Coulomb friction law.  
    In Coulomb Friction Law, 𝜏𝑐𝑟𝑖𝑡  can be expressed  as a function of the friction coefficient, 𝜇, 
and the contact pressure, P defined by Equation (6.24), 
 
𝜏𝑒𝑞 = √𝜏1
2 + 𝜏2
2 
 
(6.24) 
 
    In Coulomb friction law, 𝜏𝑐𝑟𝑖𝑡  can be expressed in Equation (6.25), 
 𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑝 
 
(6.25) 
 
 
    The fundamental assumption is that slip occurs when, 𝜏𝑒𝑞 = 𝜏𝑐𝑟𝑖𝑡.  
    In a modified Coulomb Friction Law, the critical friction stress is limited by capping the 
critical stress,   𝜏𝑐𝑟𝑖𝑡 to a maximum limit as shown in Equation (6.26),  
   𝜏𝑐𝑟𝑖𝑡 = min ( 𝜇𝑝,  𝜏𝑚𝑎𝑥) 
 
(6.26) 
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    In the current analysis, the distortion energy criterion, 𝜏𝑚𝑎𝑥= 
𝜎𝑦
√3
  = 0.58y is used to identify 
stick/slip criterion. 
    According to the modified Coulomb’s model, when the equivalent shear stress, 𝜏𝑒𝑞, is less than 
the maximum frictional stress, 𝜏𝑚𝑎𝑥, a sticking condition is modeled in current analysis. 
Conversely, when the equivalent shear stress, 𝜏𝑒𝑞 , exceeds  𝜏𝑚𝑎𝑥, the contact and the target 
surface will slide relative to each other, (i.e. sliding condition is modeled). Contact shear stress 
vs. contact pressure for sticking and sliding conditions are illustrated in Fig.  6.9 
‖𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡‖ ≤ 𝜏𝑚𝑎𝑥 → (Sticking); ‖𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡‖ ≥ 𝜏𝑚𝑎𝑥 →(Sliding); 
 
 
 
Fig.  6.9 Modified Coulomb’s Law (Aziz, Dewan 
et al. 2016) 
 
 
 
6.5 Numerical models considered in this study 
    There are four numerical models used in the current analysis. These four different models are: 
(i) C- model: Coulomb contact model with constant friction coefficient; (ii) Cm- model: 
modified Coulomb contact model with constant friction coefficient; (iii) Cmft- model: Modified 
Coulomb contact model with temperature dependent friction coefficient; and (iv) Cmftwt- 
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model: Workpiece temperature dependent material properties along with modified Coulomb 
contact model with temperature dependent friction coefficient. 
    A detail of the models are described below- 
6.5.1 C- model 
    In this case, the workpiece is considered to be elasto-plastic, and the material properties of the 
workpiece are considered to be temperature independent.  Classical Coulomb friction model is 
used for defining the contact condition between the pintool/workpiece assuming a constant 
friction coefficient, 𝜇 =0.3 was used in the model. 
6.5.2 Cm- model 
    In this model, the workpiece is considered elastic plastic and the material properties of the 
workpiece are considered to be temperature independent. In this case, modified Coulomb friction 
along with a constant friction coefficient, 𝜇 =0.3 is used in the contact model.  
6.5.3 Cmft- model 
    In this model, the workpiece is also considered to be elasto-plastic, and itw material properties 
are temperature independent. In the model, modified Coulomb friction has been used to model 
the pintool/workpiece contact conditions. The friction coefficient is considered to be temperature 
dependent Also, friction coefficient has been used as temperature dependent as seen on Table 6.3 
in this case.  
6.5.4 Cmftwt- model 
    In this case, the workpiece is considered to be elasto-plastic, and the workpiece material 
properties are considered to be temperature dependent. In the model, modified Coulomb friction 
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has been used to model the contact between pintool/workpiece. Also, the friction coefficient has 
been assumed to be temperature dependent as seen in Table 6.3.  
Table 6.4 summarize all the FSW models used for analysis in the present work- 
Table 6.4 Comparison of different model properties used in the current analysis 
Model name Workpiece material 
properties 
Friction Model  Friction coefficient  
C- model Temperature 
independent 
Coulomb friction 
model 
Constant friction 
coefficient, 𝜇 =0.3 
Cm- model Temperature 
independent 
Modified Coulomb 
friction model 
Constant friction 
coefficient, 𝜇 =0.3 
Cmft- model Temperature 
independent 
Modified Coulomb 
friction model 
Temperature dependent 
friction 
coefficient(Value from 
Table 6.3) 
Cmftwt -model Temperature 
dependent(Value 
from Fig.  6.5-6.7)  
Modified Coulomb 
friction model 
Temperature dependent 
friction coefficient 
(Value from Table 6.3) 
6.6 Model validation 
    In the present work, temperature readings from the workpiece surface during welding of Al-
AA2219 aluminum alloy plates have been used for validation. The weld schedule used for 
thermal validation has rotational speed,  𝑁 = 350 rpm, weld Speed, v =1.27 mm/s, and a plunge 
rate of 0.4 mm/s. During welding, temperature was measured at the surface of the workpiece by 
both K-type thermocouple and FLIR thermovision A40 thermographer at the same time.  The 
layouts of the thermocouples are shown in Fig. 6.10 
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Fig.  6.10 Layouts of the thermocouples (attached in the surface) and thermographer (all 
dimensions are in millimeter) 
6.6.1 Temperature validation along longitudinal direction 
    Fig.  6.11 shows the comparison for temperature field at the thermocouple location number 3 
(x = 42.36 mm, z = 26 mm) along the weld direction for different models. The peak temperature 
at location 3 is 362 °C, 369.09°C, 361°C, 373.41°C and 365°C for C, Cm, Cmft, and Cmftwt 
models and experiment respectively. The temperature comparison shows that temperature from 
FEA numerical models are consistent with the experimental data and shows a similar 
temperature profile. From the temperature profile, it can be seen that there is a sharp increase in 
temperature as the time progresses when the pintool moves closer to the thermocouple. 
Afterwards the temperature reaches its peak value followed by a gradual temperature decrease as 
the pintool moves farther away from the thermocouple. From  these results, it can be seen that 
temperature profile. From the temperature profile, it can be seen that there is a sharp increase in 
temperature as the time progresses when the pintool moves closer to the thermocouple. 
Afterwards the temperature reaches its peak value followed by a gradual temperature decrease as 
the pintool moves farther away from the thermocouple. From  these results, it can be seen that 
the temperature profile of C- model and Cm- model show noticeable divergence compared to the 
experimental temperature profile at the start of welding. This can be explained by the fact that 
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the friction coefficient used in these models is constant; i.e., not temperature dependent. This 
deviation in temperature profiles continues after the experimental temperature profile reaches its 
peak temperature. Results from the Cmft and Cmftwt models are closeer to the experimental 
result. This is more true for the Cmftwt model which produces the results that are closest to the 
experimental temperature profile throughout the entire weld process. This can be attributed to the 
fact that the Cmftwt model takes into account of the temperature dependent thermal properties of 
the workpiece in the model. This means that variation of physical parameters with temperature is 
important in the simulation of FSW. 
 
Fig.  6.11 Comparison between temperature histories of thermocouples and FEA results at 
location 3 (x = 42.36 mm, z = 26 mm) for different models 
6.6.2 Temperature validation along transverse direction 
    Temperature along transverse direction along various distance from center of the weld for four 
different models have been obtained and compared with the experimental result as shown in Fig.  
6.12. For C- model, we can see that temperatures from simulation are close to the experimental 
results in the vicinity of the center of the weld. However, deviation from the experimental 
temperature profile increases away from the center of the weld. Similar behavior is observed for 
the case of Cm -model. albeit, the results are much closer compared to C- model temperature 
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profile. This deviation can be explained by the fact that material properties of the workpiece are 
not temperature dependent and that the friction coefficient used in these contact models is 
constant rather than being temperature dependent. Temperature profiles obtained from Cmft- and 
Cmftwt- models show closer results compared to experimental temperature result. Again, 
Cmftwt- model results is the closest in comparison to experimental temperature profile. 
Comparison between the temperatures obtained from the FEA models and from experiment 
along transverse direction is also listed in Table 6.5 
 
Fig.  6.12 Comparison of temperature variations between experimental and simulation data along 
transverse direction for different models  
Table 6.5 Temperature comparison for different weld model along transverse direction 
Location  Distance 
from  
center 
of the 
weld  
(mm) 
Temperature 
from C 
model 
(°C) 
Temperature 
from Cm 
model 
(°C) 
Temperature 
from Cmft 
model 
(°C) 
Temperature 
from 
Cmftwt 
model 
(°C) 
Temperature 
from 
experiment  
(°C) 
1 0 409.1 407.9 418.5 420.3 422 
2 15 294.4 304.5 320.6 342.8 345 
3 26 196.4 237.4 230.2 238.3 248 
4 32 182.2 200.4 212.1 226.5 231 
5 39 176.2 193.6 200.4 207.6 214 
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6.7 Comparison of models for pintool rotational speed 
    During FSW, heat is caused by two main sources- namely, heat generation due to friction 
between pintool/workpiece and heat generation due to plastic deformation of the plate. In the 
present study, both friction and plastic energy are studied using the developed models by 
analyzing energy histories during FSW. In this section, effect of different rotational speeds is 
analyzed.  Three rotational speeds were considered; low rotational speed: 200 rpm, moderate 
rotational speed: 350 rpm, and high rotational speed: 450 rpm. These rotational speeds were 
chosen from published experimental results Following are the criterion of the welding schedule 
that were analyzed- 
Table 6.6 Welding schedule for variation of rotational speed 
Welding 
Schedule 
Rotational speed 
(rpm) 
Welding speed 
(mm/s) 
Plunge rate 
(mm/s) 
Experimental 
observation(Dewan, 
Huggett et al. 2016) 
Case-1 200 1.27 0.4 Defect weld 
Case-2 350 1.27 0.4 Defect free weld 
Case-3 450 1.27 0.4 Defect weld 
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6.7.1 Case 1: low rotational speed: 200 rpm 
6.7.1.1 Modeling effect on frictional energy  
 
Fig.  6.13 Friction energy comparison for different models at 200 rpm rotation speed (N = 200 
rpm, v = 1.27 mm/s, rate of plunge = 0.4 mm/s) 
    Fig.  6.13 shows a comparison of the friction energy from different models for the case of low 
rotational speed of 200 rpm, with a constant weld speed of v = 1.27 mm/s and a constant plunge 
rate of 0.4 mm/s. From the figure, it can be seen that the friction energy obtained using the C- 
model during plunge stage is higher than that obtained using the Cm, Cmft, and Cmftwt- models. 
This can be explained by the fact that, the shear stress is limited to 
𝜎𝑦
√3
 in the modified coulomb 
model friction model instead of being a function of the friction coefficient and the solution-
dependent contact pressure calculated in the Coulomb friction model. During the travel stage, the 
Cm -model generates the highest amount of energy compared to other models. The friction 
coefficient is fixed (𝜇 = 0.3) in the Cm- model, whereas it is temperature dependent in the Cmft 
and Cmftwt  models, resulting in the generation of higher amounts of friction energy. It can be 
seen that the C, Cm, and Cmft models behave almost linearly during the travel stage.  
Furthermore, the Cmftwt model shows less friction energy among the three models that use the 
modified Coulomb friction model (Cm, Cmft and Cmftwt models). This is attributed to the fact 
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that the Cmftwt model material properties are temperature dependent; i.e., as the temperature 
increases, the modulus of elasticity decreases.   
6.7.1.2 Modeling effect on plastic dissipation energy  
 
Fig.  6.14 Plastic energy comparison for different models at 200 rpm rotation speed 
    Fig.  6.14 shows a comparison of plastic energy obtained from different models at 200 rpm. 
From the fig, it can seen that C- model shows high amounts of plastic energy during all three 
stages of FSW (plunge, dwell, and travel stage) in comparison to other models. As stated earlier, 
this can be explained by the fact that in Coulomb model (C- model) friction stress is  not limited 
by a maximum value as it is the other models adopting the modified Coulumb Friction Law. This 
allows the material underneath the pintool to be in a sticking condition until it reaches critical 
value (𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑃) and then starts sliding. Conversely, the stick/slide condition in the modified 
Coulomb models is governed by the shear stress limit taken as 
𝜎𝑦
√3
 , which is lower value than 𝜇𝑃. 
Therefore, the Coulomb model exhibits higher plastic dissipation energy compare to modified 
Coulomb models. However, this high amount of plastic energy exhibited by C- model is 
unrealistic based on experimental observation. Experimental work done by our research group 
has shown that low pintool rotational speeds causes insufficient plastic deformation contrary to 
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what the C- model predicts, which leads to defects such as wormholes or internal cavities and 
trenching or surface cavities (Dewan, Huggett et al. 2016). 
6.7.1.3 Modeling effect on maximum equivalent plastic strain  
 
 
Fig.  6.15 Maximum equivalent plastic strain for different model at 200 rpm (a) C model (b) Cm 
model (c) Cmft model (d) Cmftwt model 
    Fig.  6.15 shows plots of the equivalent plastic strain for the C, Cm, Cmft, and Cmftwt models 
respectively at low rotational speed of 200 rpm. From the figures, it can be seen that the C- 
model predicts a maximum equivalent plastic strain of 118. Whereas, for the other three models 
(Cm, Cmft, and Cmftwt), the maximum equivalent plastic strain is 3.7, 4.0, 3.9 respectively. In 
other words, the C- model exhibits much higher amount of maximum equivalent plastic strain 
compared to Cm, Cmft, and Cmftwt models at lower rotational speed. As stated earlier, the stick 
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to slide criterion in the Coulomb model has a higher limiting value compared to modified 
Coulomb friction models. This allows Coulomb model to exhibit higher maximum equivalent 
plastic strain. Also, as mentioned in Section 6.7.1.2 this high amount of maximum equivalent 
plastic strain shown by C- model is not corroborated by the experimental observations made by 
our research group (Dewan, Huggett et al. 2016).  
6.7.1.4 Modeling effect on energy ratio variation with time  
 
Fig.  6.16 Variation of ( 
Friction energy
Total  energy
 ) for different model at 200 rpm 
    Fig.  6.16 shows the friction energy to total energy ratio, 
Friction energy
Total  energy
, obtained used different 
models for rotational speed of 200 rpm. For C- model, it can be seen that during plunge stage 
there is decrease of (
Friction energy
Total  energy
) as the time progress. This suggests that, during the plunge 
stage for C- model, the contribution of friction energy ratio is low compare to C, Cm, Cmft, and 
Cmftwt models. However, during dwell stage we can see that (
Friction energy
Total  energy
) is almost constant 
for all the models. Finally, the C- model shows almost linear increase of  (
Friction energy
Total  energy
) with 
respect to time during the travel stage. Furthermore from Fig.  6.16 it can be seen that Cm, Cmft, 
and Cmftwt model there is almost constant (
Friction energy
Total  energy
 ) during all stages of FSW.  
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Fig.  6.17 Variation of  (
Plastic energy
Total  energy
) for different model at 200 rpm 
    Fig.  6.17 shows a plot of the (
Plastic energy
Total  energy
) ratio for all models at the same rotational speed (200 
rpm). From the plot in Fig.  6.17 during the plunge step, C- model shows plastic energy ratio 
increases sharply, which indicates severe plastic deformation. , it is clear that the C- model 
predicts a sharp in crease in the plastic energy ratio , which indicates severe plastic deformation. 
During the dwell stage, the ( 
Plastic energy
Total  energy
 ) ratio decreases slightly. Finally, during the travel stage, 
there is sharp decrease of (
Plastic energy
Total  energy
) ratio. Conversely, no sharp rise of energy ratio is 
observed during the plunge, dwell or travel step for Cm, Cmft, and Cmftwt models. In reality, 
insufficient plastic deformation is observed at this low rotation speed of 200 rpm, based on the 
experimental work done by our group (Dewan, Huggett et al. 2016). Also from experiments our 
research group has shown that this inadequate plastic deformation promotes the development of 
defects such as internal cavities or surface cavities. Therefore, Coulomb model (C model) is not 
capable of capturing plastic deformation accurately for weld schedules with low rotational 
speeds. Earlier research by Zhang et al. (Zhang 2008) reported they did not  observe 
distinguishable difference between Coulomb and modified Coulomb models at low rotation 
speed. 
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   Earlier research work by Zhang et al. (Zhang 2008) reported that they did not  observe 
distinguishable difference between Coulomb and modified Coulomb models at low rotation 
speed. 
6.7.2 Case 2: Intermediate rotational speed: 350 rpm 
6.7.2.1 Modeling effect on frictional energy  
 
Fig.  6.18 Frictional dissipation energy variation for 350 rpm for different model (v = 1.27 mm/s, 
rate of plunge = 0.4 mm/s) 
    Fig.  6.18 shows comparison of friction energy generated during the weld process according to 
the different models at a rotational speed of 350 rpm. A constant weld speed of v = 1.27 mm/s 
and a constant plunge rate of 0.4 mm/s have been used in the analyses. During all stages of FSW, 
all models (C, Cm, Cmft, and Cmftwt) produce almost similar amount of frictional dissipation 
energy. Therefore, it can be said that Coulomb and modified Coulomb model exhibit identical 
frictional energy at intermediate rotational speed. 
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6.7.2.2 Modeling effect on plastic dissipation energy  
 
Fig.  6.19 Plastic energy dissipation energy variation for 350 rpm rotational speed (v = 1.27 
mm/s, rate of plunge = 0.4 mm/s) 
    Fig.  6.19 shows the amounts of plastic energy predicted by different models for the 350 rpm 
rotational speed weld schedule with the same weld speed of v = 1.27 mm/s and a plunge rate of 
0.4 mm/s. The comparison of all four models shows that Coulomb model (C model) produces 
higher energy in all steps of FSW compared to the modified Coulomb models (Cm, Cmft, and 
Cmftwt). As mentioned earlier in Section 6.7.1.2, in Coulomb model (C- model) friction stress is 
not limited to a maximum value, which allows the plastic dissipation energy to increase before 
sliding when it reaches critical value (𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑃). On the other hand, in modified Coulomb 
model stick/slide condition is defined using  
𝜎𝑦
√3
 , which has a lower value compared to 𝜇𝑃 , 
therefore plastic dissipation energy is low compared to Coulomb model. Consequently, the 
Coulomb model exhibits higher plastic dissipation energy than exhibited by the modified 
Coulomb models.  
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6.7.2.3 Modeling effect on maximum equivalent plastic strain  
 
 
 
Fig.  6.20 Maximum equivalent plastic strain for different model at 350 rpm (a) C model (b) Cm 
model (c) Cmft model (d) Cmftwt model 
    Fig.  6.20 represent equivalent plastic strain result for C, Cm, Cmft, and Cmftwt model.  Cm, 
Cmft, and Cmftwt models maximum equivalent plastic strain is 169, 183, 156, and 156, 
respectively. From the above discussion it can be seen that at this intermediate weld rotational 
speed (N=350 rpm), the classical Coulomb model (C- model ) and the modified Coulomb friction 
models (Cm, Cmft, and Cmftwt) produced maximum equivalent plastic strain within a narrow 
range with slight variations.  
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6.7.2.4 Modeling effect on energy ratio variation with time   
 
Fig.  6.21 Variation of ( 
Friction energy
Total  energy
 ) for different model at 350 rpm 
    From Fig.  6.21 shows a comparison of the (
Friction energy
Total  energy
) ratio obtained using the different 
models at N=350 rpm. All models shows similar friction energy ratio as time progresses. Among 
the models, C- model shows lower amount of friction energy ratio compared to Cm, Cmft, and 
Cmftwt models. It can also be seen that the Cm, Cmft, and Cmftwt models produce very similar 
friction energy ratios during all stages of FSW. Comparing Fig.  6.21 and Fig.  6.16, it can be 
said that the difference between the predicted (
Friction energy
Total  energy
)  ratio from the classical Coulomb 
model (C- model) and modified Coulomb model (Cm, Cmft, and Cmftwt models) is less for the 
moderate rotational speed (N = 350) than it is for the  low rotational speed (N = 200 rpm).  
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Fig.  6.22 Variation of  (
Plastic energy
Total  energy
) for different model at 350 rpm 
    Fig.  6.22 shows the  (
Plastic energy
Total  energy
) ratio obtained from the different model at N = 350 rpm. 
Among the models, Coulomb model (C- model) shows higher amount of plastic energy ratio 
compare to modified Coulomb (Cm, Cmft, and Cmftwt) models. As stated earlier, the Coulomb 
model allows more plastic energy dissipation before sliding as sticking/sliding limit value is 
higher compare to modified Coulomb model. For all models, it can be seen that during the 
plunge step there is sharp increase of plastic energy ratio as the time progresses. This can be 
explained by the fact that a large amount of materials are penetrated by the pin nib (apex of the 
pintool) at plunge step, which causes high plastic deformation underneath the pintool. However, 
during the dwell stage plastic energy ratio is constant for all models. Toward the end of dwell 
step, plastic deformation becomes linear during travel step as large deformations due to the 
compounded effect of plunging and stirring are drastically reduced. All models show linear 
decrease of energy ratio with respect to time during the travel stage. 
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6.7.3 Case 3: High rotating speed: 450 rpm 
6.7.3.1 Modeling Effect on frictional energy  
  
Fig.  6.23 Frictional dissipation energy variation for 450 rpm for different model (v = 1.27 mm/s, 
rate of plunge = 0.4 mm/s) 
    Fig.  6.23 shows comparison of friction energy of different models at high rotation speed of 
450 rpm. From the Fig.  6.23 it can be seen that Coulomb model (C-model) produces 
distinguishable higher amount of friction energy compare to modified Coulomb model (Cm, 
Cmft and Cmftwt models) during all steps of FSW. This higher amount of friction energy of C- 
is contributed by limit applied in friction stress in Coulomb model as described in Section 
6.7.2.1. Other three models developed using modified Coulomb model (Cm, Cmft, Cmftwt 
model) show identical friction energy throughout all three stages of FSW.   
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6.7.3.2 Modeling effect on plastic dissipation energy  
 
Fig.  6.24 Plastic dissipation energy variation for 450 rpm for different model (v = 1.27 mm/s, 
rate of plunge = 0.4 mm/s) 
    Effect of plastic energy is compared for 450 rpm for plunge, dwell, and travel stages in Fig.  
6.24. A constant weld speed of v = 1.27 mm/s and a constant plunge rate of 0.4 mm/s have been 
used in the analysis. Comparison of the results from all models shows that classical Coulomb 
model (C- model) produces higher plastic dissipation energy in plunge, dwell, and travel stages 
compared to modified Coulomb models (Cm, Cmft, and Cmftwt) as a result of the difference in  
the limiting stress value that governs the stick/slide condition as discussed earlier.  
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6.7.3.3 Modeling effect on maximum equivalent plastic strain  
  
 
 
Fig.  6.25 Maximum equivalent plastic strain for different model at 450 rpm (a) C model (b) Cm 
model (c) Cmft model (d) Cmftwt model   
    Fig.  6.25 show plot of the maximum equivalent plastic strain energy at 450 rpm rotational 
speed. The maximum equivalent plastic strain was found to be 112.8, 174.2, 176.6 and 174.4 for 
the C, Cm, Cmft, Cmftwt models, respectively. From the result it can be seen that at high 
rotational speed (N=450 rpm), classical Coulomb model (C- model) predicted lower maximum 
equivalent plastic strain compared to modified Coulomb friction model (Cm, Cmft, Cmftwt 
models).  
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6.7.3.4 Modeling effect on energy ratio variation with time 
 
Fig.  6.26 Variation of ( 
Friction energy
Total  energy
 ) for different model at 450 rpm 
    Fig.  6.26 shows a comparison of the (
Friction energy
Total  energy
 ) ratio for all models at high pintool 
rotational speed of 450 rpm. Unlike the low (N = 200rpm) and moderate (N = 350rpm) rotational 
speed, all models show very similar  (
Friction energy
Total  energy
)  ratio. Therefore, it can be seen that 
Coulomb model (C- model) exhibits comparable friction energy ratio compare to modified 
Coulomb contact model (Cm, Cmft, and Cmftwt models) at high rotation speed of the pintool. 
 
Fig.  6.27 Variation of  (
Plastic energy
Total  energy
) for different model at 450 rpm 
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    From Fig.  6.27 can be seen that the 
Plastic energy
Total  energy
 ratio increases sharply during the plunge step 
for all models. This indicates during plunge stage there is large amount of material deformed 
underneath by the pin nib (apex of the pintool) which causes high plastic deformation underneath 
the pintool. During dwell stage, (
Plastic energy
Total  energy
) energy ratio remains almost constant. At travel 
stage, there is sharp decrease of  (
Plastic energy
Total  energy
 ) for all four models. During travel stage all models 
show linear decrease of energy ratio with respect to time. As mentioned earlier in Section 
6.7.2.4, during the end of dwell stage, plastic deformation becomes linear during travel stage as 
large deformations due to the compounded effect of plunging and stirring no longer occur. 
Among the models, C- model shows higher amount of plastic energy ratio compare to Cm, Cmft, 
and Cmftwt model. As mentioned earlier, the  change of sticking to sliding condition has a 
higher limiting value of critical stress in Coulomb model (C- model), compare to modified 
Coulomb model (Cm, Cmft, and Cmftwt model) which causes generation of high plastic 
dissipation energy in Coulomb model compare to modified Coulomb model.   
6.8 Comparison of models for different weld speed 
    In this section, effect of different rotational speed on different model has been analyzed.  In 
the current work three different weld speeds were analyzed. The weld schedules are listed below- 
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Table 6.7 Welding schedule for variation of welding speed 
Welding 
Schedule 
Welding speed 
(mm/s) 
Rotational speed 
(rpm) 
Plunge rate 
(mm/s) 
Experimental 
observation(Dewan, 
Huggett et al. 2016) 
Case-1 1.27 300 0.4 Defect weld 
Case-2 1.69 300 0.4 Defect free weld 
Case-3 3.38 300 0.4 Defect weld 
6.8.1 Case 1: low weld speed: 1.27 mm/s 
6.8.1.1 Modeling effect on frictional energy  
 
Fig.  6.28 Frictional dissipation energy variation for v =1.27 mm/s for different model 
(Rotational speed = 300 rpm, rate of plunge = 0.4 mm/s) 
    Fig 6.28  represent comparison of friction energy of different models at low travel speed of 
1.27 mm/s. A constant weld speed of v = 1.27 mm/s and a constant plunge rate of 0.4 mm/s have 
been used in current work. From the figure, we can see that, during plunge stage, the friction 
energy of C- model is similar compare to Cm, Cmft, and Cmftwt- models. However, during the 
dwell and travel stage C model have lower friction energy compare to Cm, Cmft and Cmftwt 
models. This is due to in modified coulomb model (Cm, Cmft and Cmftwt) model 
𝜎𝑦
√3
  value is 
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lower compare to the friction coefficient and the solution-dependent contact pressure calculated 
in the Coulomb friction model.  
6.8.1.2 Modeling effect on plastic energy for 1.27 mm/s  
 
Fig.  6.29 Plastic dissipation energy variation for v =1.27 mm/s for different model (Rotational 
speed = 300 rpm, rate of plunge = 0.4 mm/s) 
    Fig.  6.29 shows comparison of plastic energy of different models at weld speed of 1.27 mm/s. 
From the fig, we can see that C- model shows high amount of plastic energy for all three stages 
of FSW (plunge, dwell, and travel stage) compare to other models. In Coulomb model (C- 
model) friction stress is calculated as a multiplication of friction coefficient and pressure, which 
allows the material underneath the pintool experience sticking condition until it reaches critical 
value (𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑃) and starts sliding. In contrast, modified Coulomb model stick/slide condition 
is defined using  
𝜎𝑦
√3
 , which has a lower value compare to 𝜇𝑃. Therefore Coulomb model exhibits 
higher plastic dissipation energy compare to modified Coulomb model. However, this high 
amount of plastic energy exhibited by C- model is impracticable compare to experimental 
observation. Experiment work from our research group has provided that at low welding speed 
welding schedule (Welding speed =1.27 mm/s, Rotational speed = 350 rpm, rate of plunge = 0.4 
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mm/s)  insufficient plastic deformation occurs which results defects such as internal cavities or 
surface cavities (M.W. Dewan 2015). 
6.8.1.3 Modeling effect on maximum equivalent plastic strain  
 
 
  
Fig.  6.30 Maximum equivalent plastic strain for different model at v = 1.27 mm/s (a) C model 
(b) Cm model (c) Cmft model (d) Cmftwt model   
    Fig.  6.30 represent equivalent plastic strain of C, Cm, Cmft, and Cmftwt models respectively 
at low welding speed of 1.27 mm/s. From equivalent plastic strain result, we can see that for C- 
model maximum equivalent plastic strain is 143.  Whereas, for Cm, Cmft, and Cmftwt models 
maximum equivalent plastic strain is 115, 121 and 119 respectively. From the result it can be 
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seen that C- model exhibits higher amount of maximum equivalent plastic strain compare to Cm, 
Cmft, and Cmftwt models at lower rotational speed. As mentioned previously in Coulomb model 
stick to slide criterion has higher limiting value compare to modified Coulomb friction model. 
This allows Coulomb model to exhibit higher maximum equivalent plastic strain. Also, as 
mentioned in Section 6.7.1.2 this high amount of maximum equivalent plastic strain shown by C- 
model is impractical as observed during experiment performed by our research group (Dewan, 
Huggett et al. 2016).  
6.8.2 Case 2: moderate weld speed: 1.69 mm/s 
6.8.2.1 Modeling effect on frictional energy  
 
Fig.  6.31 Frictional dissipation energy variation for 1.69 mm/s for different model (Rotational 
speed = 300 rpm, rate of plunge = 0.4 mm/s) 
    Fig.  6.31 show comparison of friction energy of different models at moderate weld speed of 
1.69 mm/s. A constant weld speed of v = 1.69 mm/s and a constant plunge rate of 0.4 mm/s have 
been used in the analysis. During all stages of FSW, all models (C, Cm, Cmft, and Cmftwt) 
produces almost similar amount of frictional dissipation energy. Therefore at moderate weld 
speed Coulomb and modified Coulomb model exhibit identical frictional energy. 
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6.8.2.2  Modeling effect on plastic energy  
 
Fig.  6.32 Plastic dissipation energy variation for 1.69 mm/s for different model (Rotational 
speed = 350 rpm, rate of plunge = 0.4 mm/s) 
    Fig.  6.32 represent effect of plastic energy for different model at moderate weld speed of 1.69 
mm/s. A constant rotational speed of 350 rpm and a rate of plunge 0.4 mm/s have been used in 
the analysis. From Fig.  6.32 all four models shows that Coulomb model (C model) produces 
higher energy in all steps of FSW compare to modified Coulomb model (Cm, Cmft, and Cmftwt) 
models. As mentioned earlier in Section 6.7.1.2, in Coulomb model (C- model) friction stress is 
calculated as a multiplication of friction coefficient and pressure, which allows the plastic 
dissipation energy increase before sliding when it reaches critical value (𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑃). On the 
other hand, in modified Coulomb model stick/slide condition is limited by using  
𝜎𝑦
√3
 , which has a 
lower value compare to 𝜇𝑃 , therefore plastic dissipation energy is low in modified coulomb 
model compare to Coulomb model. Therefore Coulomb model exhibits higher plastic dissipation 
energy compare to modified Coulomb model.  
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6.8.2.3 Modeling effect on equivalent plastic strain  
 
 
 
 
 
Fig.  6.33 Maximum equivalent plastic strain for different model at 1.69 mm/s (a) C model (b) 
Cm model (c) Cmft model (d) Cmftwt model 
    Fig.  6.33 represent equivalent plastic strain result for C, Cm, Cmft, and Cmftwt model.  For 
C, Cm, Cmft, and Cmftwt models maximum equivalent plastic strain is 167, 183, 156, and 174 
respectively. From the above discussion it can be seen that at nominal weld travel speed (v=1.69 
mm/s), classical Coulomb model (C- model) and modified Coulomb friction model (Cm, Cmft, 
and Cmftwt model) represents similar maximum equivalent plastic strain.  
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6.8.3 Case 3: High weld speed: 3.38 mm/s 
6.8.3.1 Modeling effect on frictional energy  
 
Fig.  6.34 Frictional dissipation energy variation for v = 3.38 mm/s for different model 
(Rotational speed = 300 rpm, rate of plunge = 0.4 mm/s) 
    Fig 6.34  show comparison of friction energy of different models at high welding speed of 
3.38 mm/s. From the Fig 6.34 it can be seen that Coulomb model (C-model) produces 
distinguishable lower amount of friction energy compare to modified Coulomb model (Cm, Cmft 
and Cmftwt models) during travel step of FSW. Other three models developed using modified 
Coulomb model (Cm, Cmft, Cmftwt model) show identical friction energy throughout all three 
stages of FSW.   
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6.8.3.2 Modeling effect on plastic energy  
 
Fig.  6.35 Plastic dissipation energy variation for v = 3.38 mm/s for different model (Rotational 
speed = 350 rpm, rate of plunge = 0.4 mm/s) 
    Effect of plastic energy is compared for v = 3.38 mm/s for plunge, dwell, and travel stages at 
Fig.  6.35. A constant rotational speed of 350 rpm and a constant plunge rate of 0.4 mm/s have 
been used in the analysis. From the comparison of four models shows that, classical Coulomb 
model (C- model), generates higher plastic dissipation energy in plunge, dwell, and travel stages 
compare to modified Coulomb models (Cm, Cmft, and Cmftwt). As mentioned earlier in Section 
6.7.1.2 the limiting stress value of stick/slide condition in Coulomb model is higher than 
modified Coulomb friction model, which causes more plastic dissipation energy to be generated 
in Coulomb model than modified Coulomb model. 
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6.8.3.3 Modeling effect on maximum equivalent plastic strain  
  
  
Fig.  6.36 Maximum equivalent plastic strain for different model at 3.38 mm/s (a) C model (b) 
Cm model (c) Cmft model (d) Cmftwt model 
    Fig.  6.36 represent equivalent plastic strain result for C, Cm, Cmft, and Cmftwt model.  For 
C, Cm, Cmft, and Cmftwt models maximum equivalent plastic strain is 167, 183, 156, and 113 
respectively. From the above discussion it can be seen that at high weld travel speed (v=3.38 
mm/s), classical Coulomb model (C- model) and modified Coulomb friction model (Cm, Cmft, 
and Cmftwt model) signifies similar maximum equivalent plastic strain.  
6.9 Comparison of models for different plunge rate 
    A parametric study was performed to investigate the effects of plunge rate on various models.  
 148 
 
Three different plunge rates of 0.3 mm/s, 0.4 mm/s, and 0.6 mm/s were considered. During these 
analyses, travel speed was kept constant 1.27 mm/s and rotational speed was kept constant at 350 
rpm. The weld tool plunge depth was also constant 6.08 mm. For analysis purpose, only plunge 
step was considered for analysis. 
6.9.1 Case 1: low plunge rate: 0.3 mm/s 
6.9.1.1 Modeling effect on frictional energy  
 
 
Fig.  6.37  Frictional dissipation energy variation for plunge rate of 0.3 mm/s (𝜔 = 350 rpm, 
welding speed = 1.27 mm/s) during plunge stage 
    Fig.  6.37 represent frictional dissipation energy variation for the plunge rate of 0.3 mm/s. 
From the Fig it can be seen that C model, Cm model and Cmftwt model produces almost similar 
amount of energy during plunge stage for frictional dissipation energy of FSW. However, Cmft 
model produces less energy compare to other models. Cmft model have temperature dependent 
friction coefficient and when the temperature of the welding raises close to welding temperature 
friction coefficient decreases thereby reducing friction energy. 
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6.9.1.2  Modeling effect on plastic energy  
 
Fig.  6.38 Plastic dissipation energy variation for plunge rate of 0.3 mm/s (𝜔 = 350 rpm, welding 
speed = 1.27 mm/s) during plunge stage 
     Fig.  6.38 represent plastic dissipation energy variation for the plunge rate of 0.3 mm/s. From 
the result we can see that C model produces more energy compare to Cm, Cmft and Cmftwt 
model. In Coulomb model (C- model) friction stress is calculated as a multiplication of friction 
coefficient and pressure. This permits the plastic dissipation energy to increase before sliding 
when it reaches critical value (𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑃). In modified Coulomb model stick/slide condition is 
limited using criterion  
𝜎𝑦
√3
 , which has a lower value compare to 𝜇𝑃, therefore plastic dissipation 
energy is low compare to Coulomb model. Thus Coulomb model exhibits higher plastic 
dissipation energy compare to modified Coulomb model at low plunge rate.  
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6.9.2  Case 2: Moderate plunge rate: 0.4 mm/s 
6.9.2.1 Modeling effect on frictional energy  
 
 
Fig.  6.39 Frictional dissipation energy variation for plunge rate of 0.4 mm/s (𝜔 = 350 rpm, 
welding speed = 1.27 mm/s) during plunge stage 
    Fig.  6.39 represent frictional dissipation energy variation for the plunge rate of 0.4 mm/s. 
From the Fig it can be seen that C model produces less energy compare to modified Coulomb 
model (Cm model, Cmft model and Cmftwt model) during plunge stage. Cm, Cmft and Cmftwt 
model produces almost similar amount of energy during plunge stage for frictional dissipation 
energy of FSW. Therefore at moderate plunge rate modified Coulomb model produces more 
energy compare to Coulomb model.  
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6.9.2.2 Modeling effect on plastic energy for 0.4 mm/s  
 
Fig.  6.40 Plastic dissipation energy variation for plunge rate of 0.4 mm/s (𝜔 = 350 rpm, welding 
speed = 1.27 mm/s) during plunge stage 
    Fig.  6.40 represent plastic dissipation energy variation for the plunge rate of 0.4 mm/s. From 
the result we can see that Coulomb model produces more energy compare to modified Coulomb 
model (Cm, Cmft and Cmftwt model). As stated earlier in section 6.9.1.2, Coulomb model (C- 
model) friction stress is as a multiplication of friction coefficient and pressure, which permits the 
plastic dissipation energy to increase before sliding when it reaches critical value (𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑃). 
On the other hand, in modified Coulomb model stick/slide condition is limited using criterion  
𝜎𝑦
√3
 
,which has a lower value compare to 𝜇𝑃, therefore plastic dissipation energy is low compare to 
Coulomb model. Thus Coulomb model exhibits higher plastic dissipation energy compare to 
modified Coulomb model at medium plunge rate.  
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6.9.3 Case 3: High plunge rate: 0.6 mm/s 
6.9.3.1 Effect on frictional energy for 0.6 mm/s  
 
 
Fig.  6.41 Frictional dissipation energy variation for plunge rate of 0.6 mm/s (𝜔 = 350 rpm, 
welding speed = 1.27 mm/s) during plunge stage 
 
    Fig.  6.41 represent frictional dissipation energy variation for plunge rate of 0.6 mm/s. From 
the Fig. it can be seen that Coulomb model produces less energy compare to modified Coulomb 
model (Cm, Cmft and Cmftwt model).  
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6.9.3.2 Modeling effect on plastic energy for 0.6 mm/s  
 
Fig.  6.42 Plastic dissipation energy variation for plunge rate of 0.6 mm/s (𝜔 = 350 rpm, welding 
speed = 1.27 mm/s) during plunge stage 
     Fig.  6.42 represents plastic dissipation energy for plunge rate of 0.6 mm/s (𝜔 = 350 rpm, 
welding speed = 1.27 mm/s) during plunge stage. From the Fig. it can be seen that Coulomb 
model produces more energy compare to modified Coulomb model. As specified in section 
6.9.1.2, in Coulomb model (C- model) friction stress is calculated as a product of friction 
coefficient and pressure. This allows the plastic dissipation energy to increase before sliding 
when it reaches critical value (𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑃). In modified Coulomb model stick/slide condition is 
determined by using   
𝜎𝑦
√3
 , which has a lower value compare to 𝜇𝑃, therefore plastic dissipation 
energy is low compare to Coulomb model. Thus Coulomb model exhibits higher plastic 
dissipation energy compare to modified Coulomb model at high plunge rate.  
6.10 Conclusions 
    Four different models have been developed in this study to simulate the FSW process, and use 
the results to the study the effect of pintool’s rotational speed on the  heat energy generation in 
the workpiece. The four models are: (i) C- model: Coulomb contact model with constant friction 
coefficient, (ii) Cm- model: modified Coulomb contact model with constant friction coefficient, 
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(iii) Cmft- model: Modified Coulomb contact model with temperature dependent friction 
coefficient, and (iv) Cmftwt-model: Workpiece material properties temperature dependent along 
with modified Coulomb contact model with temperature dependent friction coefficient. The 
result obtained from this research can be summarized as follows: 
1. The temperature field obtained from the FE simulations are in good agreement with the 
temperature field obtained experimentally through FSW of Al-AA 2219 alloy. Among 
the four developed models, the Cmftwt model produces the closest temperature profile to 
the experimentally obtained profile. 
2. At low rotational speed, the Coulomb model generates higher friction energy compared 
to the modified Coulomb models during plunge stage. At moderate rotational speed, no 
such difference is observed among the Coulomb and modified Coulomb model. At high 
rotational speed, the Coulomb model exhibits higher friction energy compared to the 
modified Coulomb models during all steps of FSW. This is attributed to the fact that the 
friction stress is limited to 
𝜎𝑦
√3
 in the modified Coulomb model as opposed to being a 
function of the friction coefficient and the solution-dependent contact pressure calculated 
in the Coulomb friction model with no uppoer limit. 
3. At low, moderate, and high rotational speeds, the Coulomb model shows high plastic 
dissipation energy compare to modified Coulomb models. The fact that the friction stress 
has not upper limit in the Coulomb model allows the plastic dissipation energy to 
increase before sliding when it reaches critical value (𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑃). Conversely, the 
stick/slide condition in modified Coulomb models is defined using 
𝜎𝑦
√3
 , which is typically 
lower compared to 𝜇𝑃 . Therefore, the plastic dissipation energy is lower than that 
obtained using the Coulomb model. At low rotational speed, the Coulomb model exhibits 
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unrealistic high plastic deformation; which was not observed experimentally. Low 
rotational speeds cause inadequate temperature field due to the generation of low 
frictional and plastic dissipation energies, which eventually causes defects such as: 
wormholes, surface cavities, and incomplete penetration. As a result, Coulomb model 
cannot accurately represent contact condition at low rotation speed. 
4. At low, moderate, and high rotation speeds, Coulomb model shows high plastic 
dissipation energy compare to modified Coulomb models. In Coulomb model friction 
stress is calculated as a multiplication of friction coefficient and pressure, which allows 
the plastic dissipation energy increase before sliding when it reaches critical value 
(𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑃). On the other hand, in modified Coulomb model stick/slide condition is 
defined using  
𝜎𝑦
√3
 , which has a lower value compare to 𝜇𝑃 , therefore plastic dissipation 
energy is low compare to Coulomb model. At low rotational speed, Coulomb model 
exhibits unrealistic high plastic deformation compare to as observed during experiment. 
Low rotational speed causes inadequate temperature field due to the low frictional and 
plastic dissipation energies available which eventually causes defects such as: 
wormholes, surface cavities, and incomplete penetration. As a result, Coulomb model 
cannot accurately represent contact condition at low rotation speed. 
5. At low rotation speed, Coulomb model shows extremely high maximum equivalent 
plastic strain compared to other models. This low maximum equivalent plastic strain of 
Coulomb model is not corroborated experimentally based on work done by our research 
group, which has shown that at low rotational speed there is excessive plastic 
deformation eventually causes weld defects like flash defects. Therefore, the Coulomb 
model cannot simulate contact between pintool and workpiece at low rotational speed. At 
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moderate and high rotation speed, all four models show identical maximum equivalent 
plastic strain. 
6. At low, moderate and high welding speed, Coulomb model generates higher plastic 
energy compare to modified Coulomb model. At low and high welding speed, modified 
Coulomb model generates higher energy compare to Coulomb model. At moderate 
welding speed Coulomb and modified Coulomb model generates almost similar amount 
of friction energy. 
7. At low, moderate and high plunge rate Coulomb model generates higher plastic energy 
compare to modified Coulomb model.  
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CHAPTER 7:  EFFECTS OF POST- WELD HEAT TREATMENT 
(PWHT) ON TENSILE AND FATIGUE PROPERTIES OF FRICTION-
STIR- WELDED AA2219-T87 JOINTS 
 
7.1 Introduction 
    Friction-stir-welding (FSW) offers enhanced performances on aluminum alloy joints 
compared to conventional welding techniques. Due to plastic deformation and complex heating 
cycles during FSW process dissolution of alloying elements is created and post-weld residual 
stresses are developed in the weld joints. Thus precipitation aluminum alloys exhibit lower 
mechanical properties in the weld and heat affected zone(Cabibbo, Meccia et al. 2003). In the 
work of Dewan et al. (Dewan 2015) an average 30% reduction in the transverse ultimate tensile 
strength (UTS) and 60% reduction in yield strength (YS) were observed in as-welded (AW) 
specimen as compared to base metal specimens. Post-Weld Heat Treatment (PWHT) is a 
common method to improve strength of heat treatable aluminum alloy joints by precipitation 
hardening. In this chapter, the effect of PWHT on the tensile properties and fatigue properties 
FS- welded AA2219-T87 joints are discussed. 
7.2 Scope 
    There are several types of PWHT techniques are available for different aluminum alloys joint. 
Generally for welded aluminum alloys two types of PWHT are employed, they are artificial age-
hardening (AH) and solution-treatment followed by age- hardening (STAH).  
 AA2219-T87 is an aluminum alloy with an alloying element with has a nominal composition of 
6% copper, 0.3% manganese and 0.2% zirconium. The T87 indicates the material is solution heat 
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treated and cold worked and aged artificially. AA 2219-T87 has a tensile strength of 440 MPa. 
Due to lightweight AA 2219 has advantage over its counterpart. However, As Welded (AW) AA 
2219 has poor joint tensile (The joint strength is only about 40% when compared to the base 
metal strength) and fatigue strength.  
    From literature review, most of the published work in AA2219 has mainly focused on the 
tensile properties and microstructural characterization (Tosto, Nenci et al. 1996; Malarvizhi and 
Balasubramanian 2011; Malarvizhi and Balasubramanian 2012; Zhu, Deng et al. 2015). Very 
few research works have been focused on the fatigue life improvement of AA2219 FSW joint 
using PWHT. In the work of Chen et al.(Liu, Chen et al. 2006) the effect of PWHT on AA 2219 
tensile properties has been studied. In their work, the sample was PWHT in an air oven at 165
o
C 
for 18 hours. From their work, PWHT sample exhibits about 89% tensile strength of the base 
material. In another work by Chen et al. (Chen, Liu et al. 2006) AA2219 are solution treated at 
535 °C for 32 min, followed by quenching at 25 °C and artificial aging at 165 °C for 18h. They 
showed that the PWHT increases the tensile strength of FSW joint. The work of Malarvizhi et al. 
(Malarvizhi and Balasubramanian 2011), the FSW joints are Post Weld Age (PWA) treated at 
175
0
C for 12 hours. Then the fatigue lives of FSW joints are compared with Gas Tungsten Arc 
Welding (GTAW) and Electron Beam Welding (EBW). The result shows that post weld aged 
FSW joints with superior fatigue strength and fatigue life performance compare to EBW and 
GTAW. Moreover, PWA treated specimen shows an increase of fatigue strength by 
approximately 10-12% compared to as welded specimen. Very fine and dynamically 
recrystallized grain size is the main reason for superior fatigue performance. 
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   So far no study reported on the comprehensive study of PWHT on FS-welded aerospace grade 
high strength AA2219-T87 joints. Thus, in the current study, an optimized PWHT condition is 
obtained to improve mechanical properties of FSW AA2219-T87 joints.  
7.3 Post-Weld Heat Treatment (PWHT) Process 
     Current study deals with fatigue life of PWHT friction stir welded defect free AA2219-T87 
aluminum alloy plates. To study the effect of artificial age-hardening (AH), friction stir welded 
and defect-free test specimens were placed into a conventional oven at 170 °C and optimized 
aging time was varied for 5 hours to 18 hours followed by air cooling at room temperature. For 
Solution-Treatment (ST) heat treatment process, friction stir as-welded specimens were placed 
into a conventional oven at 540 °C for 1.0 hour followed by quenching into water (20 °C). 
Subsequently, the effect of artificial AH was investigated on ST- samples to obtain peak aging 
time. In current study, aging temperature was kept constant at 170 °C and aging time was varied 
from 5 hours to 18 hours. Afterward, the effect of PWHT was analyzed on tensile strength and 
fatigue life of AA2219.  
7.4 Experimental procedure 
    For fatigue test analysis, dogbone type specimens were cut from the welded plate shown in 
Fig.  7.1  from welded joints in the transverse direction(normal to the direction of weld) to 
evaluate fatigue life. An MTS-810 universal testing machine is used to perform the fatigue test as 
shown in Fig.  7.2. The fatigue test was performed at different stress levels and all the 
experiments were conducted under a stress ratio = 0.1. At each stress level, for each category 
(Base metal, As welded, Post weld heat treated) three different samples were tested and an 
average of those values are listed in Table 7.2 
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Fig.  7.1 Welded plate and fatigue test specimens (all dimensions are in mm) 
 
Fig.  7.2 MTS 810 universal testing machine for fatigue test(Dewan 2015) 
7.5 Effect of pwht on tensile properties 
    Previously our research group has done extensive work on PWHT of tensile properties of 
FSW. The summary of tensile test results with different post-weld heat treatments are listed in 
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Table 7.1.  From the table we can see that, STAH-170°C-18h treated sample specimens 
demonstrated about 77% joint efficiency based on YS and 79% joint efficiency based on UTS of 
base metal specimens.  For AW sample, YS value of joint efficiency is 40% and UTS value of 
joint efficiency is 70%. However, STAH-170°C-18h exhibits lower joint efficiency (about 15%) 
compare to base specimen based on toughness value. According to the work of (Krishnan 2002), 
when aging time is high, over precipitation is occurred which reduce ductility of aluminum 
alloys joint. Therefore, optimum aging period is required to achieve better mechanical properties. 
For friction stir welded AA2219-T87 sample peak aging time was determined to be 5 hours at 
170°C. The STAH-170°C-5h treated specimens showed about 61% joint efficiency based on 
yield strength, 78% joint efficiency based on UTS and 35% joint efficiency based on tensile 
toughness compare to base metal.  
Table 7.1: The summary of tensile test results with different post- weld heat treatments for FS- 
welded AA2219-T87 joint(Dewan 2015) 
Specimens YS, MPa UTS, MPa 
Toughness 
MJ/m³ 
JE (%), 
YS 
JE (%), 
UTS 
JE (%), 
Toughness 
Base 390.7 ± 2.9 473.2 ± 0.9 67.7 ± 2.1 100 100 100 
AW 159 ± 3.6 330.1 ± 5.6 37.4 ± 1.6 40.6 69.7 55.2 
AH-5h 188.3 ± 10 337.7 ± 6.8 28.2 ± 1.9 48.1 71.3 41.7 
AH-10h 219.3 ± 11 337.2 ± 2.4 22.4 ± 2.7 56.1 71.2 33.1 
AH-18h 231.5 ± 8.5 355.6 ± 5.2 22.7 ± 3.5 59.2 75.1 33.6 
ST 151.6 ± 10 313.8 ± 8.3 25.4 ± 5.8 38.8 66.3 41.5 
STAH-5h 239.1 ± 6.8 370.4 ± 12 23.9 ± 4.4 61.2 78.2 35.2 
STAH-10h 285.5 ± 12 371.5 ± 12 13.9 ± 3.2 73.1 78.5 20.5 
STAH-18h 301.2 ± 9.3 375.3 ± 8.9 10.3 ± 3.9 77.1 79.3 15.2 
 
7.6 Effect of pwht on fatigue life of aa2219 
     In this current work, the effect of PWHT on fatigue life of AA2219 has been analyzed at 
different stress levels. Three different types of specimen were compared namely-base specimen 
mentioned as Base, As welded specimen mentioned as AW, Post welded heat treated mentioned 
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as PWHT. Fatigue strength of all specimens are listed on   for different stress levels. From Table 
7.2, For 300 MPa stress, AW AA2219 aluminum alloy specimens have a fatigue life of 43.1% 
compare to Base
1
 metal, whereas PWHT specimen have a fatigue life of 62.5% compare to Base
1
 
sample. This indicates PWHT specimen have an increase fatigue strength about 19.4% compares 
to AW specimen. For 250 MPa stress level, AW specimens have a fatigue life of 46.4% compare 
to Base
2
 sample whereas PWHT sample have a fatigue life of 66.4% compare to Base
2
 sample. 
This also indicates a 20% fatigue strength increase of PWHT sample compare to AW sample. 
Again at 200 MPa stress level, AW specimens have a fatigue life of 54.4 % compare to Base
3
 
sample whereas PWHT specimen have a fatigue life of 75% compare to Base
3
 sample. Thus 
PWHT specimen shows about 20.6% fatigue strength improvement compare to AW sample. 
Furthermore, at 150 MPa stress level, AW specimens have a fatigue life of 57.1% compare to 
Base
4
 sample while PWHT samples exhibits a fatigue life of 78% compare to Base
4
 samples. 
Moreover, at 100 MPa stress level, PWHT specimens have a fatigue life of 82.4% compare to 
Base
5
 samples whereas AW samples have fatigue strength of 58.2% compare to Base
5
 samples. 
Thus at 100 MPa, PWHT specimens shows a remarkable improvement of 24.2% fatigue strength 
compare to AW specimens. Therefore, it is clearly evident that PWHT is beneficial to enhance 
the fatigue strength of AW sample. From Table 7.2 it is also found that at low stress level fatigue 
strength of PWHT specimens behaves close to Base specimens.  
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Table 7.2 Comparison of fatigue life of different FSW welded specimen 
Sample Name Stress(MPa) No. of  Cycles 
Fatigue life compare 
to Base metal 
Base
1 
 7.2×10
4
 Base
1
 
AW 300 3.1×10
4
 43.1% 
PWHT  4.5×10
4
 62.5% 
Base
2 
 1.1×10
5
 Base
2
 
AW 250 5.1×10
4
 46.4% 
PWHT  7.3×10
4
 66.4% 
Base
3 
 1.6×10
5
 Base
3
 
AW 200 8.7×10
4
   54.4% 
PWHT  1.2×10
5
 75% 
Base
4 
 9.1×10
5
 Base
4
 
AW 150 5.2×10
5
    57.1% 
PWHT  7.1×10
5
 78% 
Base
5 
 1.7×10
6
 Base
5
 
AW 100 9.9×10
5 
    58.2% 
PWHT  1.4×10
6 
    82.4% 
Base
1
= Fatigue life of base AA 2219 sample at 300 MPa 
Base
2
= Fatigue life of base AA 2219 sample at 250 MPa 
Base
3
= Fatigue life of base AA 2219 sample at 200 MPa 
Base
4
= Fatigue life of base AA 2219 sample at 150 MPa 
Base
5
= Fatigue life of base AA 2219 sample at 100 MPa 
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7.7  SEM analysis 
    The effect of microstructure on the fracture mechanism was further investigated by using the 
scanning electron microscope. All microscopic examinations are done on the fracture surface in 
the middle of the specimen thickness. A Quanta 3D FEG scanning electron microscope (SEM) 
was used to understand microstructural and fracture behavior of weld joints. From the image it 
can be seen that fracture surface contains dimples, which represents fractures are ductile in 
nature. Previous research work done by earlier researcher (Malarvizhi and Balasubramanian 
2012; Zhu, Deng et al. 2015) has also shown the similar observation. From the SEM images of  
Fig.  7.3  and Fig.  7.4, it can be easily observable that Base sample has the least dimples 
compare to PWHT and AW specimens. Also, from the SEM image it is apparent that PWHT 
specimens have smaller dimples compare to AW specimen. The presence of large dimples of 
AW specimen can be related to the lower fatigue strength. On the other hand, smaller dimples in 
PWHT samples can be related to higher fatigue strength. AW specimen also exhibit presence of 
inhomogeneous and grain coarsened structure. Also, from the SEM image there is presence of 
thick and shiny grain boundaries for PWHT sample. During the PWHT, artificial age hardening 
followed by solution treatment causes diffusion of the precipitates, which goes into the grain 
boundary and increase the fatigue strengths(Krishnan 2002).  
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Fig.  7.3 SEM fractographs of AA2219-T87 specimens (a) Base specimens (b) As welded 
specimens and (c) Post weld heat treated (PWHT) specimens  
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Fig.  7.4 SEM fractographs of AA2219-T87 specimens (a) Base specimens (b) As welded 
specimens and (c) Post weld heat treated (PWHT) specimens 
7.8  Detail discussions 
    PWHT specimens have superior tensile properties such as elongation and higher yield 
strength. Also from the SEM image of Fig.  7.5 it can be observed that PWHT AA2219 have 
very fine and dynamically recrystallized grain size along with the fine and uniformly distributed 
strengthening precipitates. The PWHT specimens have finer grains which have large grain 
boundary area, which will eventually offer more resistance to the growing fatigue cracks. The 
grain boundaries have rich energy stored levels, which offer resistance to the growing fatigue 
cracks compare to grain interior (Balasubramanian, Ravisankar et al. 2008; Balasubramanian, 
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Ravisankar et al. 2008).  Moreover, the size and the distribution of the precipitates also influence 
the fatigue crack growth behavior of the welded joints (Stanzl-Tschegg, Plasser et al. 1999).  
PWHT joints have fine and uniform distribution of precipitates throughout the matrix. Also the 
FSW joint has very small portion of precipitate free zone. The uniformly distributed very fine 
particles have resisted the growing fatigue crack growths and impeded to the fatigue crack 
propagation. Thus the dynamically recrystallized grains and uniform distributions of the 
strengthening precipitate increase resistance to crack initiation and crack propagation.  
 
Fig.  7.5 SEM micrograph showing grain structure and precipitates distribution in weld nugget 
(WN) of (a) as - weld (AW) and (b) PWHT specimens (Dewan 2015) 
 
7.9 Summary 
    In this chapter, an extensive experimental investigation was accomplished on PWHT to 
improve fatigue properties of FS-welded AA2219-T87 using PWHT. From the obtained results it 
can be easily observable that PWHT specimens show improved fatigue life than AW specimen. 
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CHAPTER 8:  CONCLUSION AND FUTURE WORK 
8.1 Conclusions 
    The thesis deals with thermo-mechanical modeling of the Friction Stir Welding (FSW) process 
and parametric study of different FSW parameters. Also this thesis deals with the improvement 
of fatigue life of FSW specimen using PWHT and how this improvement of fatigue life can be 
achieved.  
    In the thesis two different types of simulation were considered. Both models are fully thermo- 
mechanically coupled. One model is strain rate independent and simulates the FSW processes 
which can take consider of mainly frictional heat generation. The model can predict heat 
generation and temperature and the effect of different process parameter on heat generation. 
Another model is strain rate dependent and can take into account both friction and plastic 
deformation. The model can predict heat generation and temperature during welding. Moreover, 
the model is used to study the effect of several process parameter of FSW. Also in this thesis, 
fatigue life improvement of FSW using PWHT has been analysis. PWHT FSW specimen shows 
higher fatigue life than the AW specimen.     
The following conclusions can be drawn the from this work- 
8.2 Coupled thermomechanical strain rate independent material modelling of fsw 
     Following are the conclusions obtained from the coupled thermomechanical strain rate 
independent material modelling of FSW- 
a) The temperature profile obtained from simulation is consistent with the temperature 
profile obtained from experiments. Temperature profiles from three different weld 
schedules have been used to compare the result with the simulation results. 
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b) A parametric study was conducted to analyze the effect of different weld parameter-
plunge force, rotational speed, and travel speed. The higher the plunge force, higher 
friction dissipation energy is generated. The higher the rotational speed, higher the total 
amount of frictional dissipation energy. Lower travel speed causes more total frictional 
and plastic dissipation energy. 
c) Among the three major FSW process parameters, the effect of rotational speed on 
generating frictional energy is found to be the most important parameter.     
8.3 Coupled thermomechanical strain rate dependent material modelling of fsw 
     Following are the conclusions obtained from the coupled thermomechanical strain rate 
dependent material modelling of FSW- 
a) Heat produced from the frictional work of the tool and workpiece produces most of the 
energy.  
b) The higher the rotational speed, higher the total amount of frictional dissipation energy. 
The lower the plunge rate, higher friction and plastic dissipation energy is generated. 
When rotational speed and weld speed is increased, plastic dissipation energy is increased 
considerably and the frictional dissipation of energy is increased marginally. 
8.4 Numerical studies on the effect of process parameters on the coulomb and the 
modified coulomb friction models of friction-stir-welding 
 
    Following are the conclusions obtained from the effect of process parameters on the coulomb 
and the modified coulomb friction models of friction-stir-welding- 
a) At low rotation speed, Coulomb model generates higher friction energy compare to 
modified Coulomb model during plunge stage. At moderate rotation speed, no such 
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difference is observed among the Coulomb and modified Coulomb model. At high 
rotation speed, Coulomb model exhibits higher friction energy compare to modified 
Coulomb model during all steps of FSW.  
b) At low rotational speed, Coulomb model exhibits unrealistic high plastic deformation 
compare to as observed during experiment. Low rotational speed causes inadequate 
temperature field due to the low frictional and plastic dissipation energies available which 
eventually causes defects such as: wormholes, surface cavities, and incomplete 
penetration. As a result, Coulomb model cannot accurately represent contact condition at 
low rotation speed. 
c) At low, moderate and high welding speed, Coulomb model generates higher plastic 
energy compare to modified Coulomb model. At low and high welding speed, modified 
Coulomb model generates higher energy compare to Coulomb model. At moderate 
welding speed Coulomb and modified Coulomb model generates almost similar amount 
of friction energy. 
d) At low, moderate and high plunge rate Coulomb model generates higher plastic energy 
compare to modified Coulomb model.  
8.5 Effects of post- weld heat treatment (pwht) on tensile and fatigue properties of 
friction-stir- welded AA2219-T87 joints 
 
     An extensive experiment was performed to PWHT of FS- welded AA2219-T87 to 
improvement of the fatigue properties. Base, Defect free as welded and Post weld heat treated 
specimens were analyzed at different stress level. From the results obtained it can be easily 
observable that PWHT specimen have higher fatigue strength compare to base specimens. The 
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uniformly distributed very fine 𝐴𝑙2𝐶𝑢 particles in PWHT specimens have resisted the growing 
fatigue crack growths and impeded to the fatigue crack propagation. 
8.6 Future recommendation 
    The following recommendations are made based on coupled thermomechanical modeling of 
friction stir welding. 
    The model developed in Section 5.2, the pin tool is considered to be rigid material to avoid 
computational cost. However, in real life pin tool is made of deformable material. In future a 
FSW model can be developed where pin tool will be considered as a deformable material. This 
developed model will be extending to analysis FSW pin tool wear.   
     Another future work could be also developing a 3D Coupled Eulerian Lagrangian (CEL) 
formulation of FSW which can determine material flow and can detect defect formulation during 
FSW. During the modeling process, the workpiece will be defined as eulerian and the tool will 
be defined as lagrangian formulation. For material model, Johnson Cook semi-empirical formula 
will be used. Coulomb’s frictional contact model will be used between the tool workpiece 
interactions. The workpiece will be defined as a eulerian domain which consists of two regions-
“full” and “void” to capture defect generation during FSW. The lower workpiece region “full” 
will be assigned to the workpiece material. The upper region “void” has no material, which will 
be created to visualize flash deformation during welding process.  
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